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Abstract 
Moreton Bay is located 14 kilometres east of the Brisbane Central Business 
District in Queensland, Australia.  The Northern half of Moreton Bay (north of the 
Brisbane River) encompasses Deception and Bramble Bays, which are sanctuaries to 
endangered wildlife and migratory seabirds, along with a significant seafood 
industry. 
There have been few attempts to assess heavy metal pollution in Moreton Bay, 
resulting in a lack of understanding of heavy metal sources, distributions, temporal 
behaviour and bioavailability.  The lack of this information has resulted in limited 
capacity to accurately assess the risk human health from heavy metals present in 
Northern Moreton Bay  and to the ecosystem. 
This is the first work since the late 1970’s to assess sediment contamination 
within Northern Moreton Bay, model the pollution sources and heavy metal 
distributions and finally propose improved Sediment Quality Guidelines, pollution 
indices and a routine heavy metals monitoring program in order to assess and 
monitor the risk posed by heavy metals in the weak acid soluble fraction of the 
sediments in Deception and Bramble Bays. 
Sediment samples were taken from Deception and Bramble Bays and 
examined for heavy metals content using X-ray Fluorescence and acid extraction.  
Advanced chemometric techniques were used to provide source apportionment, with 
marine sediments, shipping related activities and antifouling coatings being 
identified as sources of pollution.  Fraction analysis was also performed to provide a 
risk assessment of bioavailable metals. 
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Generally, the results indicated that Pb, and As pollution was of concern in all 
three studies.  In addition, the XRF study identified Zn pollution in the mouth of the 
Caboolture River to be a concern.  Enrichment of Hg and Cd was identified as a 
serious concern in the acid extraction studies for both Bramble and Deception Bays.  
Source apportionment studies in Bramble and Deception Bays found that there were 
three common sources of heavy metals in the sediments of Northern Moreton Bay: 
marine sediments, shipping and antifouling coatings.  A fourth mixed source was 
identified at Bramble Bay, whilst Hierarchical Cluster Analysis of the XRF data in 
Deception Bay identified marine sediments and shipping as two likely sources of 
heavy metals pollution. 
Limitations with the ability of current sediment pollution indices to give a 
whole sediment pollution assessment whilst accounting for complex sediment 
behaviours were identified.  A hybrid sediment pollution index was developed that 
accounted for complex sediment behaviours and was assessed against existing 
studies. 
Limitations with the development of Sediment Quality Guidelines (SQGs) 
were also identified and addressed through the development of SQG decision trees 
which were based on the use of pollution indices.  This addressed limitations due to 
variation of geographical regions, resilience of benthic organisms and the size of 
datasets required to set thresholds.  The proposed changes were developed so that 
they required minimal changes to existing SQG decision trees and could be 
implemented without difficulty.   
The source apportionment and fraction analysis of Deception and Bramble 
Bays provide the first in depth assessment and modelling of heavy metal sediment 
pollution sources in Northern Moreton Bay.  The proposed changes to the 
development and application of Sediment Quality Guidelines and hybrid pollution 
index are innovative and will potentially provide new insight into risk assessment of 
polluted sediments.   
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Chapter 1: Introduction 
1.1 BACKGROUND 
Contamination of sediment by heavy metals is becoming of greater concern 
around the world with increasing focus on identifying, quantifying and in some 
places, rehabilitating environments which have been contaminated.  Of particular 
concern has been the assessment of marine and estuarine environments around built 
up areas, which have received increasing attention in recent years. 
This increasing concern regarding heavy metals contamination is due to their 
toxicity to the fauna and flora of the local area.  The impacts on fauna and flora can 
range from minimal impact to complete devastation of the local environment. 
1.2 CONTEXT 
Moreton Bay was first settled in 1824 with a penal colony on the Redcliffe 
Peninsula, before Brisbane was settled in 1825.  Brisbane has grown to have a 
population approximately 2.24 million with a total population in South East 
Queensland of around 2.8 million.   
There have been some efforts to assess the heavy metal contamination of 
Moreton Bay, mostly focussed on the intertidal sediments or on historical assessment 
of flood plumes.  Although these works have contributed to the overall knowledge of 
heavy metal contamination in Moreton Bay, there has been no systematic research 
into heavy metals contamination in order to create an in-depth understanding of their 
sources and contributions (see Chapter 2: Literature Review). 
The development and application of Sediment Quality Guidelines for Australia 
by the CSIRO (Commonwealth Science and Industrial Research Organisation) and 
the development and widespread application of a range of sediment pollution indices 
since the 1970s has led to the development of new methods for understanding 
sediment pollution processed and implications. 
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Sediment Quality Guidelines were developed in the 1980s and have found 
widespread application around the world based on the simplicity of the decision 
process.  Despite the widespread adoption of SQGs (including in Australia), there 
have only been one or two studies in the Moreton Bay to consider SQGs to 
sediments from the area. 
Pollution indices have become a popular tool for assessing sediment 
contamination in recent years, with studies using various pollution indices to assess 
sediment pollution in a wide range of areas.  The simplicity of application of these 
methods (in some cases, just a ratio between the concentration of an element at a 
sampling site compared to the concentration of that same element at a background 
site) has resulted in an exponential growth in the use of sediment pollution indices 
being used to assess sediment pollution.  There have been very few studies in the 
Moreton Bay region to use sediment pollution indices to assess sediment pollution 
by heavy metals, despite their popularity. 
1.3 RESEARCH AIMS 
The overall purpose of this study was to perform the first thorough assessment 
of heavy metals pollution in Moreton Bay since the 1970s.  This results in the 
development of the three major aims (Figure 1.1) of this study.  The focus of these 
aims are to provide a systematic assessment of heavy metal pollution in Moreton 
Bay, along with developing models that identify the sources of sediment pollution in 
the region as well as better methods of assessing sediment pollution. 
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Figure 1.1: Overarching research aims for this project 
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1.4 PAPER 1: ENRICHMENT, DISTRIBUTION AND SOURCES OF 
HEAVY METALS IN THE SEDIMENTS OF DECEPTION BAY, 
QUEENSLAND, AUSTRALIA 
This paper falls under the assess aim in Figure 1.1; Assessing the total heavy 
metals content of the sediments in Deception Bay (1.4) and assessing various heavy 
metal pollution indices (1.3). 
The primary objectives of this paper were to assess methods of source 
identification, including Hierarchical Cluster Analysis (HCA), Preference Ranking 
Organization METHod for Enrichment of Evaluations (PROMETHEE) and 
Geometrical Analysis for Interactive Aid (GAIA) for their ability to provide an 
initial identification of pollutant sources. This provided the baseline information for 
the development of a framework for rapid identification of contaminant sources; 
assessment of various sediment pollution indices which in turn was used for the 
development of a framework for assessing sediment contamination. 
1.5 PAPER 2: DEVELOPMENT OF A HYBRID POLLUTION INDEX FOR 
HEAVY METALS IN MARINE AND ESTUARINE SEDIMENTS 
Another issue that arose during the initial research on Deception Bay was that 
the available pollution indices were limited in their ability to accurately assess 
environments where there are complex sediment interactions such as variations in 
currents and deposition rates, like those found in Moreton Bay.  Identification of this 
issue led to an examination of current pollution indices (objective 1.2), their 
strengths and weaknesses which in turn lead to the development of an innovative, 
hybrid pollution index (objective 3.2).  The derivation of this hybrid pollution index 
was discussed and applied to existing works in Moreton Bay and around the world.  
In addition, the application of this indexing for more complicated environments, 
such as those that have been settled for considerable periods of time and for which 
no background data is easily obtainable, has been considered. 
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1.6 PAPER 3: THE CASE FOR AN INDEX-BASED APPROACH TO 
DEVELOPING DECISION TREES IN SEDIMENT QUALITY 
GUIDELINES FOR HEAVY METALS CONTAMINATION 
The initial research paper highlighted a number of important issues that needed 
to be addressed, including how Sediment Quality Guidelines are developed, region 
specificity and the number of samples required to develop thresholds.  Some of these 
issues included the current Australian Sediment Quality Guidelines (Simpson et al., 
2005).  The Australian Sediment Quality Guidelines have limitations as guideline 
values are only available for some elements and not others.  Limitations have also 
been identified with the methods used to develop these Sediment Quality Guidelines. 
These issues prompted an in-depth review of Sediment Quality Guidelines 
with the objectives being to identify the limitations in the current approaches to the 
extraction of heavy metals in sediments (objective 1.1), along with development and 
use of SQGs (objective 1.3) and finally seeking to propose an improved method for 
their development (objective 3.3).  This paper then applied this proposed method of 
developing SQG decision trees to existing studies in Moreton Bay. 
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1.7 PAPER 4: TEMPORAL TRENDS AND BIOAVAILABILITY 
ASSESSMENT OF HEAVY METALS IN THE SEDIMENTS OF 
DECEPTION BAY, QUEENSLAND, AUSTRALIA 
Once the limitations in the XRF work into Deception Bay had been identified 
(XRF cannot provide an estimation of bioavailability, for example), further work 
seeking to model the sources and their contributions to the sediments of Deception 
Bay was undertaken. 
There were five major objectives for this paper.  They sought to quantify the 
heavy metals content (objective 1.4), spatial distributions (objective 2.1); temporal 
trends (objective 2.2) and provide an estimate of their bioavailability as well as to 
identify and quantify the heavy metal sources (objective 2.3) and their enrichment. 
This paper identified that marine activities such as shipping and antifouling 
coatings were the major sources of pollution in Deception Bay.  The weak acid 
fractions (metals solubilised by 1 M HNO3) were found to be decreasing over the 
sampling period, with minor enrichment of most elements, with the exceptions of Te 
and Hg, which are not naturally occurring in the study area. 
A potential sediment sink in the South Western corner of Deception Bay was 
identified, based on Enrichment Factors and the PCA-APCS source apportionment.  
This area was identified for further studies in the future to ascertain whether or not 
there is a sediment sink, as well as further testing, including core sampling for 
sediment core profiles and benthic testing to assess toxicity of the sediment. 
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1.8 PAPER 5: WEAK ACID EXTRACTABLE METALS POLLUTION OF 
BRAMBLE BAY, QUEENSLAND, AUSTRALIA: TEMPORAL 
BEHAVIOUR, ENRICHMENT AND SOURCE APPORTIONMENT 
The heavy metal extractions and analysis methodologies had been tested and 
confirmed in Paper 4. These methodologies were then applied to samples taken from 
Bramble Bay, which is the next embayment to the south of Deception Bay.  Bramble 
Bay was selected as a sampling area as it is a slightly more complex environment 
with more sediment inputs and separate additional potential sources of heavy metals. 
The objectives of this research were similar to the study conducted in 
Deception Bay, in that they sought to quantify the heavy metals content (objective 
1.4), spatial distributions (objective 2.1); temporal trends (objective 2.2) and provide 
an estimate of their bioavailability as well as to identify and quantify the heavy metal 
sources (objective 2.3) and their enrichment.   
This paper found that the concentrations of Cr and Ni were found to exceed the 
Australian Interim Sediment Quality Guidelines low threshold at a handful of 
sampling sites, which is of concern and requires further investigation.  In addition, 
the weak acid soluble Pb was found to be in excess of 80 %, which is concerning as 
this Pb may be bioavailable.  The per cent weak acid soluble Cd and Hg were found 
to be increasing over the nine month sampling period, which raises concerns that 
there may be some ongoing contamination of these elements in the area. 
Four sources of heavy metals were identified, with Marine Sediments being 
one source, shipping and antifouling coatings being another two sources and an 
unidentified, mixed source as the final source of contamination, and accounts for 
almost 30 % of the heavy metals pollution in Bramble Bay. 
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1.9 SIGNFICANCE, SCOPE AND DEFINITIONS 
This work sought, for the first time, to identify the sources and their 
contributions to the heavy metals load in Northern Moreton Bay.  This is a 
significant undertaking as there has been no previous modelling of heavy metals in 
Moreton Bay and this work provided essential information on the sources of 
contamination and their contribution to pollution of the local environment. 
This work had significant impact on the understanding of the contamination of 
Moreton Bay.  Not only will modelling provide reliable evidence of the major 
sources of contamination, but it will also assist in performing risk management of the 
sources of contamination of the area. 
1.10 OUTLINE 
This thesis contains nine chapters, which includes five papers, chapters 4, 5, 6, 
7 and 8.  Chapter 2 examined the current literature, drawing conclusions that were 
then used to develop the experimental methods (Chapter 3) used in the research 
study and publications.  “Enrichment, distribution and sources of heavy metals in the 
sediments of Deception Bay, Queensland, Australia” (Chapter 4) focussed on total 
metals analysis using X-ray Fluorescence, a technique which was used as an initial 
screening tool. 
There were several issues identified for further research that resulted in the 
development of the modified pollution index in the paper “Development of a hybrid 
pollution index for heavy metals in marine and estuarine sediments,” (Chapter 5) 
which examined several common pollution indices; their strengths and limitations 
and proposed a modified pollution index which addressed those limitations. 
In addition to limitations in the assessment of sediment health with pollution 
indices, the current Australian Interim Sediment Quality Guidelines were identified 
with having several serious limitations which were addressed in “The case for an 
index-based approach to developing decision trees in Sediment Quality Guidelines 
for heavy metals contamination” (Chapter 6). 
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After the identified limitations had been addressed, the methods and 
corrections were applied to the final two studies, “Temporal trends and 
bioavailability assessment of heavy metals in the sediments of Deception Bay, 
Australia” (Chapter 7) and “Weak acid extractable metals pollution of Bramble Bay, 
Queensland, Australia: Temporal behaviour, enrichment and source apportionment” 
(Chapter 8).  Both of these papers examined the Weak acid Extractable Metals (WE-
M) contents of sediments in their respective study areas, providing quantitative 
assessment of the fraction that the elements of interest were found in, and their 
enrichment.  PCA-APCS receptor modelling was also applied to identify and 
apportion contamination sources in the study areas. 
The conclusions (Chapter 9) ties together the results of the various papers and 
recommendations for future work makes suggestions for further research work, as 
well as some essential pollution monitoring programs which could be set up and run. 
1.11 REFERENCES 
Simpson, S. L., Batley, G. E., Chariton, A. A., Stauber, J. L., King, C. K., Chapman, 
J. C., Hyne, R. V., Gale, S. A., Roach, A. C., Maher, W. A., 2005. Handbook for 
Sediment Quality Assessment, in: CSIRO (Ed.), Sydney, Australia 
 
 Heavy metals in the sediments of Northern Moreton Bay, Queensland, Australia 11 
Chapter 2: Literature Review 
2.1 BACKGROUND 
Heavy metal toxicity to local flora and fauna is a serious concern, with 
implications right through the food chain to human health.  In marine and estuarine 
environments there is a growing concern about heavy metal pollution (Karim, 2000; 
Mandal et al., 1996; Smedley, 2003; Welch and Stollenwerk, 2003) and significant 
effort needs to be put into understanding the processes by which heavy metals enter 
these environments and their eventual fates in such environments.   
It is essential that robust methods of extracting and assessing the heavy metal 
content of sediments are developed.  In addition, there needs to be strong methods of 
assessing and reporting on sediment pollution and risk. 
These topics were discussed in detail and a survey of the literature around the 
Moreton Bay study area was carried out.  Gaps in the literature are then identified for 
further examination.  Some of the work examined focusses on the geology of 
Moreton Bay, which is essential for understanding the impacts of heavy metals.  In 
addition, the Ecosystem Health Monitoring Program, run by Healthy Waterways 
(Anonymous) is also examined to identify further gaps in the current understanding 
of heavy metals pollution in Moreton Bay. 
2.2 MARINE AND ESTUARINE ENVIRONMENTS 
The definition of what constitutes an estuary has generated discussion in the 
literature (Chapman and Wang, 2001), with some definitions mentioning 
embayments (and types of embayment) or the presence of mangroves or currents or 
sedimentation as defining characteristics.  However, it is accepted that estuarine 
environments are dynamic and complex environments (Liu et al., 2003) and 
estuaries adjacent to urban environments have been referred to as “the septic tank of 
the metropolis” (Chapman and Wang, 2001). 
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Estuarine environments have been the focus of increasing research into the 
impacts of heavy metal contamination from urban land use and wastewater 
discharge, as well as stormwater runoff (Abrahim and Parker, 2008; Chapman and 
Wang, 2001; González-Fernández et al., 2011; Herngren et al., 2005, 2006; Jardine 
and Bunn, 2010; Li et al., 2012; Sörme and Lagerkvist, 2002).  This increase in 
concern (Tang et al., 2010) is due to the potential impacts on flora and fauna in those 
environments (Mitra et al., 2012). 
2.2.1 SEDIMENT BEHAVIOUR IN MARINE AND ESTUARINE ENVIRONMENTS 
Marine and estuarine environments undergo intense sedimentation (De Wolf et 
al., 2000), which uses a number of biogeochemical processes (such as adsorption 
and chelation) to trap heavy metals (De Wolf et al., 2000; Riba et al., 2002; Wright 
and Mason, 1999) (see Figure 2.1).  The hydrological cycle, through the mechanisms 
of adsorption and precipitation, can act as sinks for heavy metals in sediments and 
also, through the process of resuspension, act as carriers for heavy metals in 
sediments (Dinescu et al., 2004; Keskin, 2012), along with intertidal and coastal 
regions (Quan et al., 2010).   
Adsorption to clay particles in particular has been identified as the major 
mechanism for initial sequestration of heavy metals in sediments (Williamson and 
Morrisey, 2000) and this results in sediments acting as filters for contaminants 
(Chapman and Wang, 2001; Choi et al., 2011) as well as long term sinks (Grecco et 
al., 2011; Nicholson et al., 2003; Satpathy et al., 2012).  This view is supported by 
the long sediment residence times found in these environments (Grecco et al., 2011; 
Kehrig et al., 2003; Satpathy et al., 2012). 
However, the behaviour of sediments in marine and estuarine environments is 
complicated by a number of simultaneous processes (see Figure 2.1) which can 
occur to increase the ecological risk of heavy metals in sediments (Liu et al., 2003). 
Some of the other processes that can have an effect on sediment transportation and 
final deposition include the atmospheric and hydrological cycles (Dinescu et al., 
2004; Satpathy et al., 2012).  Bioturbation and resuspension processes also have a 
large impact (Birch and Taylor, 1999; González-Fernández et al., 2011) on the 
ecological availability and impact of heavy metals (Liu et al., 2003).   
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Figure 2.1: Sources and fates of heavy metals in marine and estuarine environments 
2.3 HEAVY METALS IN MARINE AND ESTUARINE ENVIRONMENTS 
It is generally agreed that non-degradable, heavy metal contamination of the 
environment is a persistent problem (Liu et al., 2003; Mitra et al., 2012; Wilber and 
Hunter, 1979) and that the behaviour of heavy metals in sediments is an ongoing 
concern, with more and more research focussing on heavy metal contamination.  
This concern is complicated by the ambiguity in what constitutes a heavy metal 
(Bhat and Khan, 2011). Given the lack of consensus about the definition of heavy 
metals, in terms of this work, a heavy metal was defined as:  any metal(loid) (or its 
ion) which is a product of any suburban, industrial or mining application that has 
the potential to have a negative ecological impact, negative impact on human 
wellbeing or its release into the environment is controlled by either agreement or 
legislation.  A notable advantage of this definition is that it covers most metals that 
could be considered members of the heavy metals group. 
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2.3.1 MAJOR HEAVY METAL SOURCES 
Interestingly, it has been noted that the state in which a heavy metal is found in 
(such as a chloride or loosely adsorbed to clay particles) can provide valuable 
information in identifying potential industrial sources of heavy metals contamination 
(Binning and Baird, 2001). 
Most of the metals originate from industrial sources, although some originate 
from transportation or other anthropogenic sources (see Table 2.1) which then find 
their way to marine and estuarine environments through water runoff or direct 
atmospheric deposition. 
 
Table 2.1: Table of analysed elements with their source and literature background concentrations 
S
y
m
b
o
l 
Source (Anonymous, 2008b) 
Average Background 
Concentration (mg.kg
-1
)  
(Gao et al., 1998; Hans 
Wedepohl, 1995) 
Al Wide use 77440 
Sb Industry, metals refining (Gao et al., 2012) 0.31 
As Industry, agriculture (Barringer et al., 2011) 2.0 
Cd Industry, batteries 0.102 
Ce Transport  
(Trovarelli et al., 1999), 
metallurgy 
65.7 
Cr Metallurgy (90%)  
(Barnhart, 1997) 
35 
Co Industry 11.6 
Cu electrical (65%) and construction (25%) 
(Anonymous, 2013a) 
14.3 
Fe Wide use 30890 
Pb Industry, batteries (88.4%) (Morose et al., 2013) 17 
Mn Industry, metallurgy (95%) (Whitehouse, 2007) 527 
Hg Industry 0.056 
Ni Industry, shipping (Lewan, 1984; Lewan and Maynard, 
1982) 
18.6 
Ag Photography 0.055 
Tl Industry, electronics 0.75 
U Nuclear 2.5 
V Transport, shipping (Lewan, 1984; Lewan and 
Maynard, 1982) 
53 
Zn Galvanising (50%) Wide Use (Anonymous, 2011) 52 
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Estuarine environments have a range of contaminant sources which are diverse 
and complex (see Figure 2.2) (Foster and Charlesworth, 1996).  These can be either 
diffuse sources (contamination sourced over a wide area, such as deposition from an 
industrial smokestack) or point sources (the source of the contamination is a specific 
location, such as from a stormwater drain) (Blasco et al., 1999).   
 
 
Figure 2.2: Common sources of heavy metals, adapted from Foster and Charlesworth (1996) 
 
There are a number of common sources for heavy metals in marine and 
estuarine environments, ranging from marine and harbour sediments (Burton et al., 
2004), to mineral sands (Arogunjo et al., 2009), to shipping-related activities (Lewan 
and Maynard, 1982) and antifouling coatings (Almeida et al., 2007).  Many of these 
sources have distinct “fingerprints” of elements which can be used to identify them, 
and elements used to fingerprint these sources are shown in Table 2.2, below. 
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Table 2.2: Common heavy metal sources in marine  
and estuarine environments and their “fingerprint” elements 
Heavy metal sources 
“Fingerprint” 
elements 
Sources 
Marine sediments Mn, As (Hu et al., 2011; Takamatsu et al., 1985), 
Mineral sands Th, U (Arogunjo et al., 2009) 
 
Shipping related activities 
(fuel combustion) 
V, Ni (Figueroa et al., 2006; Lewan, 1984; 
Lewan and Maynard, 1982; Schirmacher 
et al., 1993) 
Antifouling coatings Cu, Hg, Tl, Te, 
Al, Ga 
(Almeida et al., 2007; Harada et al., 
1994; Moffett et al., 1997) 
Harbour sediments Cr, Cd, Ni Sn, and 
Pb 
(Burton et al., 2004; Turner, 
2010) 
 
2.3.2 MECHANISMS OF HEAVY METAL DISTRIBUTION AND DEPOSITION 
There are two things to consider when assessing heavy metal contamination of 
an environment.  The first consideration is the source, which is the physical location 
from which the heavy metal originates (such as a factory or wastewater treatment 
plant).  The second consideration is the mechanism of deposition; that is how a 
heavy metal is transported from the source to its final location.  This is an important 
distinction, as confusion between the two terms can be problematic. 
The most common mechanisms of deposition for heavy metals in marine and 
estuarine sediments include (Choi et al., 2011; Romic and Romic, 2003; Tang et al., 
2010): 
 Atmospheric deposition; 
 Industrial discharge; 
 Surface runoff (including stormwater and agricultural runoff); 
 River runoff; 
 Offshore weathering of sediments; 
 Shipyard sources; and 
 Shipping. 
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Lithogenic sources of heavy metals are linked to diffuse deposition 
mechanisms, such as atmospheric deposition, including: 
 Geologically weathered rocks and soils (Ahdy and Youssef, 2011; Kim et 
al., 1998; Singh et al., 2002; Soares et al., 1999; Wilber and Hunter, 1979; 
Wright and Mason, 1999);  
 Decomposition of animal and plant matter (including forest fires) (Ahdy 
and Youssef, 2011; Wilber and Hunter, 1979; Wright and Mason, 1999); 
and 
 Volcanic activity and salts from sea sprays (Ahdy and Youssef, 2011).   
The major diffuse sources for anthropogenic heavy metals include: 
 Vehicle emissions (Ahdy and Youssef, 2011; Kim et al., 1998; Li et al., 
2001; Suh et al., 2004; Wright and Mason, 1999),  
 Stormwater runoff (Birch and Taylor, 1999; Wilber and Hunter, 1979); 
and  
 Atmospheric release of pollutants by industry (Ahdy and Youssef, 2011; 
Dinescu et al., 2004; Mitra et al., 2012; Romic and Romic, 2003; Suh et 
al., 2004; Tang et al., 2010). 
Point sources of heavy metals contamination are generally considered (with the 
exception of volcanic activity) to be wholly anthropogenic in nature, given that 
direct discharge of heavy metals contamination has been linked to: 
 Industrial processing of ores and metals (Ahdy and Youssef, 2011; Li et 
al., 2001; Suh et al., 2004; Tang et al., 2010; Wright and Mason, 1999);  
 Industrial use of metals and metal components (Kim et al., 1998; Suh et 
al., 2004; Wright and Mason, 1999);  
 Leaching from waste disposal areas and fertilizers (Ahdy and Youssef, 
2011; Deng et al., 2010a; Wright and Mason, 1999); and 
 Discharge or leakage of human sewage (Deng et al., 2010a; Singh et al., 
2002; Sörme and Lagerkvist, 2002; Suh et al., 2004; Tang et al., 2010; 
Wright and Mason, 1999).  
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2.3.3 HEALTH RISKS OF HEAVY METALS IN MARINE AND ESTUARINE 
ENVIRONMENTS 
There are a number of elements that are either essential micronutrients (ppb 
concentrations or lower) or are not essential to health and wellbeing which can have 
toxic effects, sometimes even in low doses (Pier and Bang, 1980; Toffaletti, 2005).  
Elements with no beneficial effect can be either benign (have no detrimental effect) 
or can be toxic, even in small doses (such as mercury or cadmium).  Generally, the 
common  pathways of toxicity on the human body by heavy metals include, but are 
not limited to (Gaw et al., 1999): 
 Renal tubular damage; 
 Gastro-intestinal erosion; and 
 Neurological damage. 
 
A more detailed examination of their essential toxicology is provided in 
Table 2.3, which shows that heavy metals attack the human body in a number of 
other ways with most of these metals attacking through two or more systems (the 
only exceptions being platinum and zinc). 
Although the most important environmental implication of metal 
contamination in marine sediments is their ecological toxicological effects, heavy 
metals also pose health risks, which are dependent on several factors, such as their 
acute (short term) and chronic (long term) toxicity; biodegradability and their 
bioavailability. The bioavailability of a heavy metal is generally controlled by 
speciation, making assessment of bioavailability of heavy metal contaminated 
sediments a priority. 
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Table 2.3: Table of selected heavy metals and their target organs  
(Gaw et al., 1999; Glanze, 1996; Toffaletti, 2005) 
 
Target Organs 
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Metal 
Arsenic X X X X       
Cadmium X X   X X X X X  
Chromium X    X      
Copper     X      
Iron X     X     
Lead  X  X   X   X 
Manganese X X        X 
Mercury X X        X 
Nickel X X X       X 
Uranium X X    X    X 
Vanadium X  X        
Zinc     X      
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2.4 ASSESSMENT OF HEAVY METALS IN MARINE AND ESTUARINE 
SEDIMENTS 
2.4.1 EXTRACTION METHODS FOR ASSESSING HEAVY METALS IN SEDIMENTS 
Assessing heavy metal contamination in sediments is a difficult proposition as 
there are numerous methods of assessing metal concentrations and total metals 
concentration is generally not considered to be a good indicator (Ahdy and Youssef, 
2011; Lee et al., 2012; Shikazono et al., 2012; Shilla and Dativa, 2011).  In addition, 
a holistic approach to sediment contamination should seek to assess metal mobility 
(Beltrán et al., 2010) in order to assess potential effects on aquatic systems.  Because 
of concerns around metal mobility and bioavailability, the mode of occurrence of a 
metal (Sundaray et al., 2011) and the form in which that metal is present (Zhong et 
al., 2011) is essential to understanding potential ecological impacts of contamination 
on a sediment and its associated water body. 
There is much debate over the best method for assessing the mobility of metals 
in sediments.  Methods range from estimation using dilute (~1 M) hydrochloric acid 
(Hu et al., 2011) to elaborate sequential extraction methods like the method proposed 
by Tessier, Campbell and Bisson (Tessier et al., 1979) or the Community Bureau of 
Reference (Bureau Communautaire de Référence or BCR) method (Mossop and 
Davidson, 2003) which seek to examine multiple soil and sediment fractions in 
which metals may be sequestered. It has been noted that there is a lack of consensus 
and widespread adoption of a single method for the assessment of sediment 
contamination by heavy metals (Chapman and Wang, 2001; Ruiz, 2001). 
In 1979, Tessier, Campbell and Bisson (1979) suggested a method for the 
sequential digestion of sediments to ascertain heavy metals contamination and their 
ease of mobilisation, based on the fractions identified in Table 2.4. 
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Table 2.4: Sequential extraction method prepared by  
Tessier, Campbell and Bisson (1979) 
Fraction Reagents and Conditions 
Exchangeable 1 M MgCl2 at pH 7 
Carbonate 1 M CH3COONa buffered to pH 5 
with CH3COOH 
Reducible 0.04 M NH2OH.HCl in 25% 
CH3COOH heated to 95 °C 
Oxidisable (Organics 
and sulphides) 
30 % H2O2 adjusted to pH 2 with 
0.02 M HNO3 heated to 85 °C.  
Treatment with 3.2 M CH3COONH4 in 
20 % HNO3 
Residual Dissolution in HF and HClO4 at 95 °C 
 
A further examination of their method reveals that the exchangeable fraction 
involves ion exchange between the cation of choice (usually Mg
2+
, but Al
3+
, Na
+
 or 
NH4
+
 have been used) and metal ions adsorbed to iron and manganese oxides and 
hydroxides in clay particles (Singh et al., 2002).  It has been noted that precipitation 
of metal hydroxides and oxides desorbed from clay particles can occur if the pH of 
the exchange solution is too alkaline (Martin et al., 1987), requiring careful buffering 
of the extractant pH to 7. 
The carbonate fraction has been identified as easily digested with acid 
solutions with a pH <5.  Metal carbonates are converted to metal ions, carbon 
dioxide and water during the digestion process, solubilising them.  Metal carbonates 
can be a naturally occurring consequence of natural waters with high alkalinity. 
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The reducible fraction is considered to be the last of the fractions which have 
heavy metals from anthropogenic sources (Martin et al., 1987).  The reducible 
fraction reacts with hydroxylamine hydrochloride (NH2OH.HCl) buffered with 
acetic acid at elevated temperatures to reduce and solubilise heavy metals in their 
ionic form which are bound to the iron and manganese oxides.   
The organic and sulphide fraction contains metals that can be solubilised only 
with the use of an oxidising reagent (making them unavailable to the ecosystem 
under normal conditions).  Generally oxidising agents, such as H2O2/CH3COONH4 
or H2O2/HNO3 are used to solubilise metals bound within this fraction (Martin et al., 
1987; Tessier et al., 1979).  These systems need to be buffered to minimise 
precipitation of these metals after oxidisation. 
The Residual fraction is used to solubilise metals that are bound in the silicate 
lattice and are otherwise unavailable to the ecosystem.  The recovery of these 
elements is dependent on how severe the treatment is: Total Recoverable Metals 
(TR-M) is usually a system of HNO3 (Tam and Wong, 2000) or HCl/HNO3 (Baptista 
Neto et al., 2000; Cox and Preda, 2005; Preda and Cox, 2001; Preda and Cox, 2002); 
which leach the metals from the mineral lattice; or combinations of HF/HClO4 or 
HNO3/HF (Jones and Turki, 1997; Martin et al., 1987), which completely dissolves 
the silicate lattice. 
The Tessier method, as it is sometimes known, is one of the most commonly 
used and digestion protocols for the analysis of heavy metals in sediments (Beltrán et 
al., 2010; Jones and Turki, 1997; Lee et al., 2012; Martin et al., 1987; Shikazono et 
al., 2012; Sundaray et al., 2011; Tessier et al., 1979; Yuan et al., 2004).  This is 
because it is easily modified (Malaj et al., 2012; Romic and Romic, 2003; Wilber 
and Hunter, 1979) and generally the following observations have been made 
concerning sequential extraction methods: 
 Are selective to the fraction being analysed (Ahdy and Youssef, 2011) and 
supposedly allow assessment of heavy metal sources and bioavailability, 
based on fraction (Ho et al., 2010; Riba et al., 2002); 
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 Have been shown to give an assessment of the potential environmental 
impacts of heavy metals, based on the sediment fraction they are in (Zhong et 
al., 2011); 
 Have been demonstrated that heavy metals from geological sources are more 
likely to be found in the residual fractions and are not likely to be 
bioavailable (Kim et al., 1998) whilst anthropogenic heavy metals are more 
likely to be found as ions either chelated by organic matter, adsorbed to iron 
and manganese oxides and hydroxides in clay particles or precipitated as 
carbonates, sulphides, oxides or hydroxides, making them much more likely 
to be bioavailable. 
 Metals loosely bound in the exchangeable fraction or precipitated as 
carbonates have been found to be more likely to be bioavailable (He et al.; 
Zhou et al., 2010). 
Although the Tessier method is the most widely utilised sequential extraction 
procedure (Cuong and Obbard, 2006), the method is claimed to be compromised due 
to readsorption processes occurring between different extraction steps (Whalley and 
Grant, 1994).  This resulted in a method to be developed by the European 
Community Bureau of Reference which is also widely applied, modified and used 
(Rauret, 1998).  It is generally referred to as the BCR method.  Based on a three 
stage extraction (see Table 2.5), it is widely adapted and augmented with the use of 
techniques such as ultrasonic or microwaves (Arain et al., 2008). 
 
Table 2.5: BCR sequential extraction schema (Cuong and Obbard, 2006) 
Fraction Reagents Conditions 
Carbonates 0.11M acetic acid Shaken at 30 RPM at room temperature for 
16 hours 
Reducible 0.5 M NH2OH.HCl buffered 
to pH 1.5 with HNO3 
Shaken at 30 RPM at room temperature for 
16 hours 
Oxidisable 10 mL H2O2; 
1 M CH3COONH4 buffered 
to pH 2 with HNO3 
H2O2 added slowly followed by 
CH3COONH4, shaken at 30 RPM at room 
temperature for 16 hours 
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When compared against each other, the first three fractions of the Tessier 
sequential extraction method and the BCR sequential extraction method were found 
to give equivalent results (Albores et al., 2000), which contrasted against the opinion 
of Rauret (1998), who argued that the lack of uniformity in sequential extraction 
procedures prevented comparison of data from analyses around the world.  However, 
the work of Whalley and Grant (1994) found that the use of acetate based extraction 
procedures failed to sufficiently extract metals bound as carbonates, due to 
readsorption and reprecipitation occurring. 
There have been some studies suggesting that the use of single, non-selective 
extraction techniques that target the metals in mobile (or labile) fractions should be 
used (Agemian and Chau, 1976; Sutherland, 2002).  The work of Malo (1977) found 
that dilute HCl extraction was the most efficient, as it had the least sample handling 
when compared to the comparison method of citrate-dithionate solution buffered to 
pH 3. 
In the work of Sutherland (2002), 39 environmental samples were partially 
extracted with 0.5 M HCl (essentially a Weak acid Extractable Metals (WE-M) 
method) and compared against BCR extractions of the same samples.  Sutherland 
(2002) found that the HCl extraction was superior, as it gave equivalent results to the 
BCR sequential extraction and required less sample handling. 
There are a number of different methods for assessing total heavy metals 
content (Table 2.6), including the use of aqua regia digestion for the total extractable 
metals fraction, while other methods include digestion with HF and other similar 
methods for breaking down the silicate lattice (Baptista Neto et al., 2000; Cox and 
Preda, 2005; Jones and Turki, 1997; Martin et al., 1987; Preda and Cox, 2001; Preda 
and Cox, 2002).  It is recognised that these methods overestimate the bioavailability 
of metals as they solubilise metals which are bound in the mineral lattice. 
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Table 2.6: Comparison of digestion methods commonly used in sediment analysis 
Fraction 
Weak 
Acid 
BCR Digestion 
(Cuong and 
Obbard, 2006) 
Tessier Digestion 
(Tessier et al., 
1979) 
Total 
Digestion 
Exchangeable  
1 M HCl 0.11 M acetic acid 
1 M MgCl2 at 
pH 7 
Aqua 
Regia, 
HF/HBO4 
etc. 
Carbonate 
1 M CH3COONa 
buffered to pH 5 
with CH3COOH 
Reducible  
0.5 M NH2OH.HCl 
buffered to pH 1.5 
with HNO3 
0.04 M 
NH2OH.HCl in 
25% CH3COOH 
heated to 95 °C 
Oxidisable  
10 mL H2O2; 
1 M CH3COONH4 
buffered to pH 2 with 
HNO3 
30% H2O2 
adjusted to pH 2 
with 0.02 M 
HNO3 heated to 
85 °C.  Treatment 
with 3.2 M 
CH3COONH4 in 
20% HNO3 
Residual   
Dissolution in HF 
and HClO4 at 
95 °C 
 
2.4.2 SEDIMENT QUALITY GUIDELINES (SQGS); THEIR DEVELOPMENT, 
STRENGTHS, WEAKNESSES AND APPLICATION IN ASSESSING SEDIMENT 
HEALTH 
There have been many attempts to derive sediment criteria or standards to 
assist in the protection of benthic organisms from metals contamination (Ankley et 
al., 1996).  Traditionally, bulk chemical concentrations have been used for the 
assessment of metals contamination (Burton, 2002) and have been compared against 
a background concentration or an effects-based endpoint (Ankley et al., 1996). 
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Sediment Quality Guidelines (SQGs) have been derived around the central 
motivation of protecting benthic biodiversity and ecological risk assessment (Kwok 
et al., 2008) and as such, they have four major uses (McCready et al., 2003): 
1. To protect organisms living in and near sediments; 
2. Rank and/or prioritise contaminated areas for further investigation; 
3. Evaluate spatial patterns of sediment contamination; and 
4. Design monitoring systems, management and protection strategies for 
controlling pollution. 
A number of Sediment Quality Guidelines have been developed across the 
world for the qualification of sediment health, including Canada (Borgmann, 2003), 
Hong Kong (Kwok et al., 2008) and Australia (Simpson et al., 2005) (Table 2.7).  In 
addition, these SQGs have also been applied in countries such as England and 
Norway (McCready et al., 2006).  Contaminant bioavailability has long been the 
biggest limiting factor to assessing sediment toxicity, with equilibrium partitioning, 
interstitial (pore) water concentrations and acid volatile sulphides (AVS) having 
better correlation to toxicity than total metal concentrations in assessing sediment 
risk (Ankley et al., 1996).  These methods (discussed above) for assessing sediment 
risk have then been used to develop Sediment Quality Guidelines. 
These Sediment Quality Guidelines are based on the SQGs developed by the 
National Oceanographic and Atmospheric Administration (NOAA) in the United 
States of America (Borgmann, 2003).  The initial research into Sediment Quality 
Guidelines can be traced back to work of the United States Environmental Protection 
Agency (EPA) in the 1980s, where assessment of sediment toxicity originally 
focussed on interstitial waters, but was later rejected in favour of equilibrium 
partitioning in 1989 (Burton, 2002).   
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Table 2.7: Comparison of sediment quality guidelines/Interim sediment quality  
guidelines for metals in Australia, the United States and Canada 
Element Australia
A
 United 
States
B
 
Canada
C
 
mg/kg ISQG  
Trigger 
ISQG  
High 
T20
D
 T50 ISQG  
Trigger 
PEL
E
  
Value 
As 20 70 7.4 20 7.2 41.6 
Sb 2 25 0.63 2.4 -- -- 
Cd 1.5 10 0.38 1.4 0.7 4.2 
Cr 80 370 49 141 52.3 160 
Cu 65 270 32 94 18.7 108 
Pb 50 220 30 94 30.2 112 
Hg 0.15 1 0.14 0.48 0.13 0.7 
Ni 21 52 15 47 -- -- 
Ag 1 3.7 0.23 1.1 -- -- 
Zn 200 410 94 245 124 271 
A
 (Simpson et al., 2005) 
B
 (Buchman, 2008) 
C
 (CCME, 1999) 
D
 Toxicity level (20% and 50% toxic effects observed) 
E
 Probable Effects Level 
 
It has been observed that there are three approaches for developing Sediment 
Quality Guidelines, which use either: 
 The equilibrium partitioning approach to account for factors that may 
affect bioavailability;  
 The use of a co-occurrence methodology which uses statistical measures 
and observations of large data sets; and  
 The use of a consensus approach, which combines the results of both 
methodologies previously mentioned (Casado-Martínez et al., 2006).   
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Generally, Sediment Quality Guidelines have been developed based on 
empirical studies, such as (Long and MacDonald, 1998): 
 Bioassays of field collected samples; 
 Laboratory studies of spiked sediments; 
 Benthic community analysis; and  
 Equilibrium partitioning studies. 
In terms of assessing heavy metals contamination, the use of 1 M HCl 
extraction advocated in the current Australian Interim Sediment Quality Guidelines 
were determined to be the more appropriate extraction method over EDTA 
(ethylenediamminetetraacetic acid) extractions (McCready et al., 2003). 
Currently, there are two triggers used in Sediment Quality Guidelines (Kwok 
et al., 2008): the Threshold Effect Level (TEL) which is the highest concentration 
found in a sediment before toxic effects are expected to occur; and the Probable 
Effects Level (PEL), which is the lowest concentration at which toxic effects on 
benthic organisms are expected.  Other terms for these triggers, such as effects range 
and screening level concentrations are sometimes used (Burton, 2002) and the 
Australian Interim Sediment Quality Guidelines use Interim Sediment Quality 
Guideline-Low and Interim Sediment Quality Guideline-High (Simpson et al., 
2005), which are used in conjunction with a decision tree (Figure 2.3) to determine 
the sediment risk. 
More recently, researchers in Hong Kong have developed Sediment Quality 
Guidelines through the use of routine analysis of the health of benthic organisms in 
situ as well as the metal concentrations of the corresponding sediments (Kwok et al., 
2008; Leung et al., 2005).  This methodology has been pursued as field derived 
SQGs based on the same weight of evidence approach as more traditional Sediment 
Quality Guidelines (Hubner et al., 2009).  They also have the added advantages of 
being more conservative (Kwok et al., 2008) and more relevant to developing SQGs 
than the more traditional, laboratory based methodology (Leung et al., 2005). 
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Figure 2.3: Australian Interim Sediment Quality Guidelines decision tree.   
Adapted from Simpson et al. (2005) 
Despite Sediment Quality Guidelines being widely adopted (Casado-Martínez 
et al., 2006), there are serious doubts about their applicability, especially with 
concerns that they may not be representative of real-world effects (Burton, 2002).  
This is due to most SQGs being developed based on laboratory analysis under static 
conditions and may not be representative of the dynamic environments that they are 
modelling (Kwok et al., 2008).  In addition, Sediment Quality Guidelines have been 
recognised as not establishing a causal link between the metals (and other 
contaminants) in the sediment and sediment toxicity (Borgmann, 2003; Long and 
MacDonald, 1998).   
  
30 
30 Heavy metals in the sediments of Northern Moreton Bay, Queensland, Australia 
The development of Sediment Quality Guidelines using laboratory generated 
data has also resulted in large uncertainties in SQGs (Kwok et al., 2008) of up to 
30% (Long and MacDonald, 1998). These uncertainties may be due to the chemical 
characteristics of the sample not being applicable to conditions under which the 
SQGs were originally developed.  This results in the SQGs developed not covering 
all of the possible causes of toxicity within the sediment in question (Long and 
MacDonald, 1998). 
In addition to these limitations, Hubner et al. (2009) found that there were 
limitations in Sediment Quality Guidelines that could be defined by: 
 Geographical characteristics of the regions in which SQGs were developed, 
which limits their application to that area;  
 The chemical characteristics of the sediments and compounds that they are 
prepared for, which have to be very well understood in order to provide a 
reliable estimate of the risk of those sediments;  
 The ecological aspects, including the possibility that false positives and false 
negatives may be reported; 
 The resilience of the test organisms and how they compare to the benthic 
organisms in situ; and 
 Comparability between SQGs, caused by the use of different extraction 
methodologies. 
In addition to these points, research has found that there is a need for further 
investigations into Sediment Quality Guidelines particularly in relation to the 
following (McCauley et al., 2000): 
 Determining maximum daily loading of contaminants;  
 Explaining unknown sediment toxicity;  
 Bioaccumulation and bioavailability studies in both benthic organisms and 
sediments; and  
 Sediment toxicity evaluations to identify sources of heavy metal toxicity 
within sediments.   
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It has also been recognised that there is a significant lack of field verification 
of the validity of SQGs and a need to not only expand current Sediment Quality 
Guidelines to other chemicals, but also to examine the importance of sediment, 
benthos and digestion methods used in current SQGs (Casado-Martínez et al., 2006).  
It has also been identified that SQGs for marine environments use unrealistically 
large safety factors, potentially making the Sediment Quality Guideline ecologically 
irrelevant in terms of potential toxicity (Leung et al., 2005).  Despite these 
limitations, SQGs have found use as screening tools for identifying sediments that 
need further examination (Burton, 2002). 
 
2.4.3 POLLUTION INDICES FOR ASSESSING SEDIMENT CONTAMINATION BY 
HEAVY METALS 
There are numerous methods for assessing sediment contamination, and there 
are generally single or multiple element indices that seek to qualify the enrichment 
of a sediment sample by an element of interest.  There are a number of sediment 
pollution indices that can be applied, most of which are simple comparisons between 
the concentrations of the element of interest between the sampling site and a 
background site (for example, contamination factors).  Sediment pollution indices 
provide a more detailed picture (for example, providing information about metal 
behaviour in areas with complex sediment behaviours) of enrichment of an element 
at a sampling site than a concentration-based SQG.  For this reason, as well as their 
widespread use throughout the literature, pollution indices can be considered to be 
complimentary or even superior to the SQGs currently in use around the world. 
The greatest challenge in determining the enrichment of an element of interest 
in a sample is the need for historical data, which is generally not available.  In this 
case, it is essential that some sort of background data is collected.  Generally this is 
as a sample or set of samples taken from the catchment of the waterway of interest, 
or by the use of the average crustal composition for the continent of interest (de 
Caritat and Cooper, 2011; Gao et al., 1998; Hans Wedepohl, 1995).  Another method 
is the use of the average composition of sedimentary rocks, such as shale (Dung et 
al., 2013), which can then act as useful analogues of unpolluted and historical 
sediments.   
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There are a number of single element indices that can be used for the 
assessment of sediment health. The simplest method is to use a contamination factor 
(CF, Equation 2.1) which provides a ratio between the concentration at the site of 
interest (Cx) and the background concentration (Bx) without taking into account 
sediment enrichment from lithogenic factors.  Considering the heavy sedimentation 
that can occur in marine and estuarine environments, this methodology of qualifying 
sediment health is rarely applied as it will not give an accurate assessment of 
contamination. 
CF =
Cx
Bx
 
Equation 2.1: Contamination Factor 
Muller’s (1969) research into heavy metals pollution of the Danube River, lead 
to the proposal of the Geoaccumulation index (Igeo, Equation 2.2), which sought to 
account for lithogenic enrichment of an element.  The Geoaccumulation index is also 
logarithmic, which implies that the index is best applied to sediments which undergo 
significant enrichment due to urbanisation or industrial activities. 
Igeo = log (
Cx
1.5 × Bx
) 
Equation 2.2: Geoaccumulation index 
The use of a multiplication factor of 1.5 appears to be arbitrary.  The use of 
such a factor does not seem to take into account the impact of a large number of 
sediment sources converging and interacting in a complex environment.  For 
example, the sediment sources within a marine or estuarine environment, would be 
caused by several simultaneous processes. 
Enrichment Factor method (EF, Equation 2.3) is one of the methods used to 
qualify sediment contamination and it seeks to minimise the impact of lithogenic 
inputs and non-conservative sediment behaviour.  This is achieved by normalising 
the element of interest against a reference element concentration from the site of 
interest (Cref) and the background site (Bref).  Generally, the reference element is Al, 
which has no identified anthropogenic source, and is present as aluminosilicate 
minerals, or the use of the major sediment elements, such as Fe, Mn, Ti and V 
(Qingjie et al., 2008) or even trace elements such as tantalum (Ta) (Pengthamkeerati 
et al., 2013; Thuong et al., 2013). 
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EF =
(
Cx
Cref
)
(
Bx
Bref
)
 
Equation 2.3: Enrichment Factor 
Despite the advantages of using Enrichment Factors, they are limited by being 
a single element index and can be limited through the use of normalising elements 
such as Ti, Fe, V or the Rare Earth Elements (REE), which may be impacted by 
anthropogenic contamination. In addition, the use of Al as a reference element can 
be compromised in a situation where the sediment has poor Al content (such as 
sandy sediment, which is essentially a silica lattice).  However, despite these 
limitations, Enrichment Factors are the most commonly used pollution index in the 
literature (Çevik et al., 2009; Kaushik et al., 2009; Pengthamkeerati et al., 2013; 
Qingjie et al., 2008; Thuong et al., 2013). 
The use of single element indices is the most commonly used method of 
assessing sediment health in the literature.  However, the use of these indices is 
limited by the very fact that they are only assessing one element at a time, as 
opposed to a suite of contaminants.  It is more appropriate to use a multiple-element 
pollution index to assess sediment health, with Hakanson’s modified degree of 
contamination index (Hakanson, 1980) (mCd) and the Nemerow pollution index (PI) 
(Nemerow, 1991) . 
Hakanson’s modified degree of contamination index (mCd, Equation 2.4) 
(Hakanson, 1980) seeks to account for contamination of a sampling site by a number 
(n) of elements by taking the average of their contamination factors.  Using this 
methodology, it is possible to rapidly assess the health of sediment over the range of 
elements. 
mCd =
∑ CF
n
 
Equation 2.4: Hakanson's modified degree of contamination 
The major limitation of the modified contamination index is that it minimises 
the effect of major contamination by one element due to the averaging across the 
suite of elements, thus reducing the impact of individual elements. 
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One solution to the problems of the modified degree of contamination 
approach is the Nemerow Pollution Index (PI, Equation 2.5), which uses a weighted 
average of the contamination factors, in particular the largest contamination factor 
(CFmax) and the average contamination factor (CFaverage) to assess sediment health.  
This weighted average allows for major contribution of one element, whilst also 
accounting for the contribution of other elements in the suite being examined. 
PI = √
(CFaverage)
2
+ (CFmax)2
2
 
Equation 2.5: Nemerow pollution index 
The Nemerow pollution index is limited by the use of contamination factors, 
which do not take into account non-conservative behaviours that sediments exhibit in 
marine and estuarine environments.  Nemerow pollution indices are also limited by 
how sensitive they are, with a PI value of 3 indicating severe contamination of 
sediment.  Despite these limitations, the Nemerow pollution index has seen 
increasing use in recent years and can be considered to be the most comprehensive 
measure of sediment pollution. 
When compared against each other, as in Table 2.8 (below), it can be seen that 
with the exception of the Nemerow pollution index (PI) the other indices 
(Geoaccumulation, Igeo, Enrichment Factor, EF, and modified degree of 
contamination, mCd) use similar sediment qualifications, despite being calculated 
differently.  The flaw in the design of this index is its sensitivity to enrichment and 
the use of two less sediment quality qualifications (see Table 2.8); especially 
considering the wider range of sediment qualifiers used in the modified degree of 
contamination index mCd. 
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Table 2.8: Sediment qualifications according to sediment pollution index 
Sediment qualification 
Igeo 
(Muller, 
1969) 
EF (Qingjie et 
al., 2008) 
mCd (Hakanson, 
1980) 
PI 
(Nemerow, 
1991) 
No enrichment ≤ 0 EF < 1 mCd < 1.5 PI < 0.7 
Minor pollution 0-1 1  < EF < 3 1.5  < mCd < 2 0.7  < PI < 1 
Moderate pollution 1-2 3 < EF < 5 2 < mCd < 4 1 < PI < 2 
Moderately severe 
pollution 
2-3 5 < EF < 10 4 < mCd < 8  
Severe pollution 3-4 10 < EF < 25 8 < mCd < 16 2 < PI < 3 
Very severe pollution 4-5 25 < EF < 50 16 < mCd < 32  
Extremely severe 
pollution 
≥ 5 EF > 50 mCd > 32 3 < PI 
 
When assessing the different pollution indices and their applicability to a range 
of sediments, it is important to keep in mind their strengths and weaknesses, which 
are summarised in Table 2.9 below. 
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Table 2.9: Summary of pollution indices, their strengths and weaknesses 
Pollution Index Equation Strengths Weaknesses 
Contamination 
factor 
(CF) 
CF =
Cx
Bx
 Easily calculated 
Does not 
account for 
complex 
sediment 
behaviour 
Geoaccumulation 
index 
(Igeo) 
Igeo = log (
Cx
1.5 × Bx
) 
Attempts to 
account for 
lithogenic 
enrichment 
Arbitrary 
lithogenic factor 
Not sensitive to 
minor 
enrichment 
Enrichment factor 
(EF) 
EF =
(
Cx
Cref
)
(
Bx
Bref
)
 
Normalising 
element accounts 
for complex 
sediment 
behaviours 
 
Limited by 
choice of 
normalising 
element 
 
Modified degree of 
contamination 
(mCd) 
mCd =
∑ CF
n
 
Analysis of a 
suite of metals 
 
Does not 
account for 
massive 
enrichment of 
one element 
 
Nemerow pollution 
index 
(PI) 
PI = √
(CFav)2 + (CFmax)2
2
 
Weighted 
average, accounts 
for significant 
enrichment of one 
element 
 
Overly sensitive 
Limited by use 
of 
contamination 
factors 
 
 
2.5 MULTIVARIATE AND SOURCE APPORTIONMENT TECHNIQUES 
IN SEDIMENT ASSESSMENT 
2.5.1 PEARSON CORRELATION COEFFICIENTS 
The use of Pearson correlation coefficient (calculated using Equation 2.6) is a 
technique commonly used by geochemists to determine whether or not two elements 
in samples are related by mathematically determining the correlation of variation 
between elements of interest. 
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By examining the results matrix, it is possible to determine to what extent 
elements are correlated to each other, as per Table 2.10 
 
rx,y =
∑ [(xi − x̅)(yi − y̅)]
n
i=1
√∑ (xi − x̅)2
n
i=1 √∑ (yi − y̅)
2n
i=1
 
Equation 2.6: Pearson correlation equation 
 
Table 2.10: Pearson correlation index (Muniz et al., 2004) 
Correlation Negative Positive 
None -0.09 to 0.00 0.00 to 0.09 
Small -0.30 to -0.10 0.1 to 0.30 
Medium -0.50 to -0.30 0.30 to 0.50 
Strong -1.00 to -0.50 0.50 to 1.00 
 
Pearson correlation matrices are commonly used in geochemistry literature as 
the method of choice for examining interrelationships between elements/properties, 
with a number of recent studies using them, including works by Muniz et al. (2004); 
Gao et al. (2009); Keskin (2012); Hu, Yu, Zhou and Chen (2011); and Liu et al. 
(2011), amongst others.   
Muniz et al. (2004) used a linear Pearson model to assess the degree of 
relationship between the contaminants of interest, with some pretreatment of the 
sample data in order to approximate a normal distribution of the data, although 
further discussion of the results of the correlation analysis did not occur within the 
work. 
Gao et al. (2009) used Pearson correlation to assess the relationships between 
metals and Total Organic Carbon (TOC) in the Yalu river estuary.  They found 
relationships between arsenic, nickel, zinc, lead and mercury, leading them to 
conclude that these elements had the same (or similar) sources.  However, by 
assessing the correlation coefficients over several different areas of sediments, the 
researchers were able to establish that there were a number of different sources of 
heavy metals in the sediments.  However, further apportionment of sources was not 
completed and further analysis of the data using Principal Component Analysis 
(PCA) and Hierarchical Cluster Analysis (HCA or CA) was required to elucidate 
relationships between the elements of interest and sediment components. 
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The research by Keskin (2012) on the sediments of Akkaya Dam in Turkey 
used Pearson Correlation to identify metals that are linked with carbonates and those 
which are linked with organic carbon.  It was found that Al, Cu, Pb, Ni Co, and Mn 
were closely linked to Fe while Mo, Zn and V were linked to organic matter.  It was 
also found that these metals were anthropogenically enriched and that there were two 
major sources of these metals, linked to their relationships to the iron content and 
organic matter. 
Recent research on Quanzhou Bay, China, (Hu et al., 2011) found that there 
was a strong correlation between their elements of interest (Cu, Zn, Cr and Pb) with 
iron but not manganese.  Further analysis with PCA was required to further elucidate 
the relationships between the elements of interest. 
The use of Pearson correlation in Environmental studies has been fairly 
common in the past.  However, with the development of more useful multivariate 
analysis techniques, including PCA and HCA, which have seen growing use, 
Pearson correlation is becoming less common in Environmental studies 
2.5.2 PRINCIPAL COMPONENT ANALYSIS/HIERARCHICAL CLUSTER ANALYSIS 
(PCA/HCA) 
Principal Component Analysis (PCA) and Cluster Analysis (CA) are two 
chemometric techniques which are commonly used to determine the relationships 
between heavy metals (and other contaminants).  These methods of data analysis are 
complimentary and have sometimes been used in conjunction with Pearson 
correlation matrices to establish similarities between elements and sampling sites. 
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Cluster Analysis and Principal Component Analysis techniques can both be 
used to identify similarities between variables and objects.  One example of this is 
the work of Muniz et al. (2004), which used PCA as a complimentary technique to 
Pearson correlation to assess how the different sampling sites were related to redox 
conditions (Eh) and Dissolved Oxygen (DO) compared to heavy metals and organic 
matter. Nasrabadi et al. (2010a) used cluster analysis to group together the sampling 
sites in Haraz River sediments.  By assessing the similarity between the sampling 
sites, the researchers were able to separate the sampling sites into two groups, based 
on the level of urbanisation in the areas of those sites.  Another paper by the same 
authors on the same region (Nasrabadi et al., 2010b) identified three distinct groups 
(clusters) of metals, based on similarity. 
Hu et al. (2011) examined heavy metals in sediments within Quanzhou Bay 
and used PCA to analyse similarities between sampling sites as well as relationships 
between metals.  They found that there was a group of Fe, Cr, Pb, Sn and Cu in the 
PCA, whilst the CA denrogram identified Cu, Pb, Cr and Zn were closely related 
(and anthropogenic in nature) while Mn and Fe were clustered together and thought 
to be the product of weathering.   
Saraee et al. (2011), Thuong et al. (2013), Guillén et al. (2012) and Hongbin et 
al. (2011), among others, are a part of a growing trend of researchers looking to use 
chemometric techniques such as PCA and HCA to explore the relationships between 
various heavy metals and their sampling sites.  The advantages of these techniques 
over other methods (such as pollution indices) include the graphical representations 
of the relationships between variables as either PCA scatter plots, loadings plots, 
biplots (PCA) or dendrograms (HCA) 
HCA dendrograms and PCA loadings plots provide similar information, as 
both provide groupings of elements based on similarities.  In a dendrogram, similar 
elements are grouped together.  The distance between links is then used to relate 
elements together, with short linkages identifying groups.  In an environmental 
context, dendrograms can be used to identify similarities between elements (with 
elements in the same group likely to be from the same source) and identify 
similarities between sampling sites (for example, identifying sandy or non-sandy 
sampling sites, such as in Figure 4.8.)   
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In a loadings plot, Principal Components (PCs) are plotted against each other.  
Elements which are related are located in clusters in the PCA loadings plot.  These 
clusters of elements have similar sources.  In an environmental context, groupings of 
elements on the loadings plot can be used to identify sources of elements, such as 
marine sediments, based on a grouping consisting of Mn and As (Hu et al., 2011).  
Another example of this is the work by Zhou, Guo, Liu and Jiang (2007b) in the 
marine environment around Hong Kong, in which four pollution sources were found, 
these being eutrophic pollution, natural pollution, mineral pollution and nutrient-
based pollution. 
The major advantages of chemometric analysis (in particular PCA) over other 
types of analysis is that PCA allows the simplification of large data sets (Miller and 
Millar, 2010) into a few principal components which can then be used to draw 
conclusions.  By plotting the eigenvalues from the principal components into scatter 
plots, called Loadings Plots, it is possible to determine which metals are related to 
each other by observing their groupings, and also to identify how different groupings 
of metals are related to each other. 
Principal Component Analysis has been built from being a source 
identification technique to being a source apportionment technique through the use 
of methods such as Principal Component Analysis–Absolute Principal Component 
Scores (PCA-APCS).  PCA-APCS calculates the absolute principal component 
scores through the use of a “null” site (or site with concentrations of zero), which 
results in the principal components being correlated around zero rather than the mean 
(Thurston and Spengler, 1985).  It is possible to establish the Absolute Principal 
Component Scores by subtracting the mean-centred Principal Components against 
the zero-centred Principal Components.  By regressing the absolute PC scores 
against the sampling sites, it is possible to establish both the source profile and the 
contribution of each Principal Component to each sampling site.   
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Source profiles identify the contributing elements from a source and the source 
profiles are generally presented as a bar graph.  The elements with the greatest 
contribution from a source have the largest bars and this information can be used to 
“fingerprint” the source.  Fingerprinting of the source requires some knowledge of 
the relationships between elements and distinctive relationships, such as V and Ni, 
which are related to shipping fuels (Lewan, 1984; Lewan and Maynard, 1982).  Once 
the source has been fingerprinted, the contribution of that source can then be 
determined, through the contributions plot, which plots the contribution of each 
source at each sampling site to the total metals concentration.  Larger contributions 
by one source over another allow an estimate of the contribution of each source to 
each site. 
Recent work (Anderson et al., 2002; Miller et al., 2002) in comparing different 
source apportionment techniques (including Positive Matrix Factorisation, PMF) 
found that PCA-APCS was comparable to other source apportionment models.  This 
is despite PCA-APCS being limited by issues such as negative contributions to sites 
(essentially a negative concentration), an inability to distinguish between sources 
with similar contributions and factors which are dominated by single elements which 
may be potentially a mixture of sources rather than a single source (Anderson et al., 
2002; Singh et al., 2008; Sofowote et al., 2008).   
Despite these limitations, PCA-APCS has seen substantial use in the literature 
to assess contaminant sources in the environment (Singh et al., 2008; Su et al., 2011; 
Zhou et al., 2007a), mostly because of the ease of use of the method when compared 
against similar methodologies, like PMF. 
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2.5.3 PROMETHEE AND GAIA 
PROMETHEE (Preference ranking organization method for enrichment 
evaluation) and GAIA (Geometrical analysis for interactive aid) are a related set of 
multiple criteria decision making (MCDM) tools proposed around 1985 (Brans and 
Vincke, 1985) which have seen use in a wide variety of fields, from business, to 
science, to sports management (Behzadian et al., 2010) and has seen some use in an 
environmental context for ranking contamination of sampling sites (Chou et al., 
2007; Herngren et al., 2006; Ilić and Bogdanović, 2010; Yatsalo et al., 2007).  
PROMETHEE is a non-parametric ranking decision making tool which is used to 
rank objects in order of preference, while GAIA is the visual representation of the 
PROMETHEE results, showing the data on a plane which is similar to a PCA 
loadings plot but contains a decision axis (π) which is used to indicate the variables 
which are more preferred for making a decision (Brans and Mareschal, 2005; Khalil 
et al., 2004), with the length of the π axis representing the strength of the decision 
axis, and a longer π representing stronger decision making power (Brans and 
Mareschal, 2005).  For more detail on PROMETHEE methods, see the original work 
of Brans and Vincke (1985) and Chapter 5.  Despite the power of PROMETHEE and 
GAIA as a ranking and decision making system, their use in an environmental 
context is still limited as other multivariate techniques, such as PCA-APCS are seen 
as capable of providing more useful information, such as source apportionment. 
2.6 MORETON BAY 
Moreton Bay (27°15’S, 153°15’E, Figure 2.4) is a semi-enclosed sub-tropical 
bay with a surface area of approximately 1500 km
2
 (Abal and Dennison, 1996; 
Costanzo et al., 2001; Costanzo et al., 2005; McEwan et al., 1998a) and an average 
depth around 6.8 m (McEwan et al., 1998a).  Moreton Bay stretches for 90 km from 
North to South and has a width of approximately 30 km from east to west.  There are 
a number of sandy barrier islands on the Eastern side of the bay with the southern 
end of the bay being sandbars and channels and the major opening into Moreton Bay 
is the northern entrance. 
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The western foreshore of the bay is a dense urban environment with a 
population of approximately 2 million people (Eyre and McKee, 2002) and around 
1.5 million of these living in Brisbane City and the greater Brisbane region 
(Costanzo et al., 2001; Costanzo et al., 2005).  This has resulted in significant 
urbanisation of the region around the foreshore of Moreton Bay with associated 
changes to nutrient and pollutant loadings (Douglas et al., 2003).  The greater 
catchment region can be considered to be rural, with 78% of the greater catchment 
area being cleared grazing land (McEwan et al., 1998a). 
Moreton Bay also has a large commercial prawn industry (Abal and Dennison, 
1996), with seafood caught in the bay marketed not only in the local region, but also 
exported intra and interstate.  In addition to the commercial prawn industry, Moreton 
Bay also has a significant marine park which is home to wildlife such as Dugong 
(Dugong dugon), dolphins and migratory birds.  
 
 
Figure 2.4: Location of Moreton Bay (inset: mainland Australia) 
44 
44 Heavy metals in the sediments of Northern Moreton Bay, Queensland, Australia 
As Moreton Bay and its catchment is in a subtropical region, there is 
considerable rainfall with over 1 metre of rainfall being recorded in the average year, 
of which, most rainfall occurs during the summer (Eyre and McKee, 2002; McEwan 
et al., 1998a).  Moreton Bay is also subjected to the occasional severe weather events 
(such as floods), such as those that occurred in 1974 and more recently in 2011, 2012 
and 2013.  All of these severe weather events resulted in significant flooding across 
the Moreton Bay catchment, with associated effects to the water quality of the rivers 
and drains flowing into the Bay, as well as significant sediment discharge. 
2.6.1 THE GEOLOGICAL HISTORY OF MORETON BAY 
The Moreton Bay region is located on a transitional area between basinal zones 
(the area can be considered a marginal extension of the Maryborough basin) and a 
flanking belt of lower Paleozoic metamorphic rocks extending northwards (Maxwell, 
1970).   
The current shape of Moreton Bay has its origins in the Quaternary period 
(Hekel et al., 1979; Maxwell, 1970), where sedimentary deposition became the 
dominant factor in the formation of the Bay (Hekel et al., 1979; Maxwell, 1970) (see 
Figure 2.5).  Since the initial formation of the Bay, sea level change has resulted in 
the filling and draining of the area, with the final shape of Moreton Bay being 
established approximately 6000 years ago (Hekel et al., 1979; Jones, 1992; Stephens, 
1992).  More recent mapping of the seafloor of Northern Moreton Bay (Figure 2.6) 
shows large intrusions of sand through the Northern Passage and from the gap 
between North Stradbroke Island and Moreton Island in the east.  It also shows large 
intrusions of river mud (and riverine sand) filling Moreton Bay from the West. 
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Figure 2.5: Approximation of the original coastline of Northern Moreton Bay 
 (heavy broken line).  The crosshatching shows the current coastline 
 (Hekel et al., 1979), with permission 
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The barrier islands of Moreton Bay, from the north, are Moreton Island, North 
Stradbroke Island and South Stradbroke Island.  All of these islands were formed 
from the deposition of sand around rocky pinnacles such as Cape Moreton (Moreton 
Island), Point Lookout (North Stradbroke Island) and Dunwich (South Stradbroke 
Island) (Jones, 1992).  This sand is being pushed northwards along the eastern 
seaboard of Australia by the prevailing currents. 
 
Figure 2.6: The seafloor of Northern Moreton Bay,  
according to Jones (1992), used with permission 
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A more detailed examination of the geological history of Deception Bay was 
conducted by Hekel et al. (1979) (followed by Cox and colleagues), which found 
that Deception Bay is mostly sand deposits (Brooke et al., 2008; Cox and Preda, 
2005).  They also found that these sand deposits developed during the Holocene 
epoch, and that sea levels have dropped by as much as one metre since Deception 
Bay formed (Hekel et al., 1979). 
Hekel et al. (1979) also found that Bramble Bay can be considered an 
extension of the Brisbane River delta, which formed about 4500 years ago.  The 
shape of the Brisbane River delta has changed considerably since formation, going 
from a trumpet shape to a rudimentary bird-foot delta (Hekel et al., 1979).  This 
change in shape is likely to have resulted in a change to the sediment distribution 
within Moreton Bay. 
Douglas, Palmer and Caitcheon (2003) found that sediments coming from the 
Brisbane River were associated with the Marburg formation, which is an intrusion of 
volcanic material from the west of Brisbane.  Most of this sediment is being 
deposited in the regions around Bramble Bay, as shown by Figure 2.7. 
 
Figure 2.7: Mud distribution model of Northern Moreton Bay,  
Circa 1979 (Hekel et al., 1979), used with permission 
 
Bramble Bay 
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The movement of sand from Northern New South Wales into Moreton Bay by 
currents (Jones, 1992) has resulted in the Bay filling up from three sides, with sand 
filling the South passage and North entrance, while the Brisbane River has been 
providing appreciable amounts of sediment to the Bay (Stephens, 1992).  The impact 
of this deposition is appreciable, according to Hekel et al. (1979), as they claim that 
there is strong evidence that the shape of areas such as Deception and Bramble Bays 
have been affected by sediment deposition (Figure 2.6 and Figure 2.7).  This is 
supported by the research of Brooke et al. (2008) who examined the changes to sand 
deposits in Pumicestone passage, which is situated in northern Moreton Bay.  
2.6.2 PREVIOUS RESEARCH INTO MORETON BAY 
There have been numerous studies into the health of Moreton Bay since the 
first symposium in 1979, which was held at the University of Queensland.  Presented 
at this symposium was the work of Wallace and Moss (1979) which examined the 
heavy metals distribution within Moreton Bay (which will be discussed in more 
detail in Section 2.6.5).  Other research into the health of Moreton Bay includes 
work examining organic contaminants in the Brisbane River and Moreton Bay and 
work by the research group of Dennison et al. (2001) into nutrients and their impact 
on the ecosystem health of Moreton Bay. 
2.6.3 ORGANIC CONTAMINANTS WITHIN MORETON BAY 
In terms of research into organic contaminants at Moreton Bay, there have 
been very limited investigations.  Work by Connell and Miller (1998) into dissolved 
oxygen in the Brisbane River found that organic materials, in particular 
organochlorine pesticides, polycyclic aromatic hydrocarbons and hydrocarbons 
associated with petroleum products were present at measureable levels. 
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Research by Shaw, Tibbets and Muller (2004) into polycyclic aromatic 
hydrocarbons found that the western side of Moreton Bay (and the Brisbane River) 
was more polluted by pesticides and PAHs than the eastern side of the bay.  This 
supports the work of Connell and Miller (1998), and also suggests that these organic 
contaminants are being stored within river sediments that feed into eastern Moreton 
Bay.  These sediments are then distributed in western Moreton Bay and the work 
published by Abal, Dennison and Greenfield (2001) found that the pesticide dieldrin 
concentration within Moreton Bay was above the Australian screening levels.  It was 
hypothesised that this increase in pesticides was linked to the increase in population 
along the Brisbane River. 
2.6.4 NUTRIENT RESEARCH AND THE HEALTHY WATERWAYS PROJECT 
In the 1990s, a group of researchers lead by Dennison and Abal started 
examining the distribution of seagrass within Moreton Bay (Abal and Dennison, 
1996), which resulted in the hypothesis that seagrass distribution was linked to 
ecosystem health within Moreton Bay.  This was supported to an extent by the work 
of Jones et al. (2001), who found that shrimp farming within Moreton bay had led to 
a decrease in seagrass distribution  and the work by Wallbrink (2004) found that 
suspended sediments also had a negative impact on the distribution of seagrass 
within the bay. 
Furthering the work of Abal and Dennison (1996), McEwen, Gabric and Bell 
(1998b) found that nutrients, particularly nitrogen and phosphorous were intimately 
linked with the health of Moreton Bay and that the release of nutrients from 
wastewater treatment plants had put the Moreton Bay ecosystem under considerable 
stress.  This work lead to a re-focus of ecosystem health monitoring in Moreton Bay 
with an emphasis on nutrient levels rather than other contaminants (such as 
pesticides, organic contaminants and heavy metals) to assess the health of the 
ecosystem. 
Abal, Dennison and Greenfield (2001) found that there had been a quantifiable 
increase in nitrogen and phosphorous concentrations in the Brisbane River since 
1917.  They also found that the sediment loadings in the Brisbane River had 
quadrupled due to increase in agriculture and industrial activities and population 
growth. 
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Eyre and McKee (2002) suggested nutrient budgets for assessing ecosystem 
health within Moreton Bay due to links between nutrients such as nitrogen and 
phosphorous and ecosystem metabolism.  Costanzo, Udy, Longstaff and Jones 
(2005) then went further, mapping anthropogenic nitrogen (as 
15
N) and identifying 
that the largest sources of nutrient contamination within Moreton Bay were due to 
discharge from wastewater treatment plants.  Their research also found that locations 
with poor mixing, particularly Deception and Bramble Bays where the receptacles 
and accumulators of nutrient pollution.  Elmetri and Bell (2004) proposed that 
cyanobacteria blooms were associated with phosphorous contamination within 
Moreton Bay, again linking nutrient contamination with ecosystem health. 
In addition, the Moreton Bay study (Dennison and Abal, 1999), which was 
essentially undertaken by the University of Queensland research group by Dennison, 
Abal and Greenfield working with the Healthy Waterways Project (Anonymous), 
developed the Ecosystem Health Monitoring Program (EHMP) to assess and report 
on the health of the waterways of South East Queensland, including Moreton Bay.  
One of the major outcomes of the Ecosystem Health Monitoring Program is the 
production and release of annual report cards (Anonymous, 2013b) which evaluate 
and report on the health of South East Queensland Waterways. 
In general, the results of the 2011 report card, (which can be found on the 
healthy waterways website) show that the health of Bramble and Deception Bays is 
poor, with both areas struggling to score a result better than a C+ (meets some of the 
ecosystem health values, see the healthy waterways website (http://www. 
http://healthywaterways.org for further information) over the period from 2000 to 
2013 (Figure 2.8) . 
A notable decrease in the quality of the water in Bramble and Deception Bays 
can be seen (Figure 2.8) in 2009, 2011 and in 2013 for Bramble Bay.  These 
decreases in water quality are related to major flooding events in these years 
(Anonymous). 
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Figure 2.8 Healthy Waterways report card results for Deception  
and Bramble Bays, (www.healthywaterways.org)  
 
The three rivers that flow into Bramble and Deception Bays (The Brisbane, 
Caboolture and Pine Rivers) show varying quality results over time (Figure 2.9).  
The Brisbane River is constantly receiving a score of D, with the exceptions of 
2006/2008 and 2012/2013.  The Pine River shows an improvement in water quality 
from 2006, while the Caboolture River shows an overall decline in water quality 
across the timeframe.  These trends are consistent with silt in the waters of the 
Brisbane River and an increase in built up areas around the Caboolture River 
(Anonymous). 
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Figure 2.9: Healthy Waterways report card results for the Caboolture, Pine 
 and Brisbane Rivers (www.healthywaterways.org) 
 
2.6.5 THE CURRENT STATUS OF HEAVY METALS RESEARCH IN MORETON BAY 
There have been relatively few studies into metal distributions and 
contamination in Moreton Bay since the work of Wallace and Moss (1979).  The 
major finding from this research was that there was limited contamination of lead 
and mercury in the sediments tested and that the levels of contamination were not of 
concern.  The other major studies into metals contamination in Moreton Bay have 
focused on the levels of toxic metals in deceased turtles (Pople et al., 1998) and the 
2012 work by Morelli et al (2012), which found temporal and spatial variation in Pb, 
Zn, Cd and Ni across four sampling sites in Deception Bay.  These studies have all 
been limited by a number of factors.  The first is the choice of sampling sites.  None 
of these studies have been able to focus on gathering systematic data for Moreton 
Bay, with the 1979 study selecting sampling locations from the 1974 flood event in 
Brisbane (Wallace and Moss, 1979), while the study by Morelli et al (2012) focused 
on four sediment cores taken from intertidal sediments around the edges of Moreton 
Bay.  The study that focused on the turtles (Pople et al., 1998) was limited by the 
fact that animals live in large areas and there is no way to determine the exact 
sources of metal bioaccumulation. 
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There are several major gaps in the current research, with the larger gaps being 
associated with the research into the pollution of Moreton Bay by heavy metals.  
However, there are also gaps in the context of the literature at large, with gaps being 
found in the areas of Sediment Quality Guidelines, pollution indices and multivariate 
assessment of heavy metal pollution of marine and estuarine sediments. 
2.7 SUMMARY AND IMPLICATIONS 
Marine and estuarine environments are dynamic and complex environments 
where the impact of heavy metal pollution is becoming a growing concern due to 
potential impacts on the local fauna and flora.  These environments are generally 
adjacent to urbanised areas and are receptors of pollution from various sources, with 
stormwater runoff being the major mechanism of deposition for heavy metals. 
Once in the marine environment, a number of simultaneous processes occur. 
These processes impact on the bioavailability of heavy metals, including 
precipitation and sequestration.  These processes lead to sediments acting as a long 
term sink and filter for these elements, which can remove them from the biosphere. 
Other processes such as resuspension and bioturbation mean that these elements can 
be a persistent problem, remaining a hazard to both the ecosystem and humans for 
many years after a source has been removed. 
There are numerous health risks associated with heavy metals, which include 
serious damage to the local ecosystem to toxicity in humans, with a wide range of 
health impacts possible.   
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In order to assist in the assessment of heavy metal concentrations in sediments, 
numerous extraction techniques have been devised, ranging from simple Total 
Metals (T-M) and Total Recoverable Metals (TR-M) digestions, to Weak acid 
recoverable Metals (WE-M) to the use of more elaborate sequential extraction 
methods which assess the concentrations of metals in various fractions.  The two 
most common sequential extraction methods are the Tessier sequential extraction 
method and the BCR method (Albores et al., 2000; Ruiz, 2001).  Both of these 
methods have similar chemical approaches and have been shown to give similar 
results when examining the weakly bound fractions. However, both have been found 
to have limitations in their chemistry, with the re-adsorption of weakly bound 
elements interfering with extraction in later steps being identified as the major issue.  
Work done with weak extractable metals (WE-M) found that a 0.5 M HCl gives 
similar results with less sample handling (Malo, 1977).  It has also been identified 
that metals that are loosely adsorbed to clay minerals, or bound as carbonates are 
more likely to be bioavailable and are easily extracted using HCl digestions (He et 
al.; Zhou et al., 2010). 
Sediment Quality Guidelines (SQGs) seek to provide a risk assessment of 
sediments based on the weakly extractable metals and use concentrations data to do 
this.  SQGs use thresholds to assess probably risk levels and require further 
assessment with testing on benthic organisms, which takes time and requires 
thousands of measurements to develop a working SQG. 
SQGs have been identified as being limited in their application due to 
potentially large errors between the laboratory conditions and real-world sediment 
toxicity. There is no causal linkage between toxicity of sediments tested in the 
laboratory and in sediments tested for toxicity in the real world.  In addition to this, 
SQGs are geographically limited to the region in which they are developed due to the 
resilience of the local benthic organisms, as well as being limited by the chemical 
characteristics of the sediments for which they are developed.  It is of concern that 
SQGs are commonly being seen as a stand-alone tool for assessing sediment health. 
Unfortunately, this does not reflect the purpose for which they were originally 
developed. 
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There are a number of pollution indices available for the assessment of 
sediment pollution, with geoaccumulation factors (Igeo), enrichment factors (EF) and 
Hakanson’s modified degree of contamination (mCd) seeing the most use.  
Generally, pollution indices provide information about the enrichment of a pollutant, 
which is complimentary to SQGs, which provide a concentration based assessment 
of sediment risk.  The Nemerow pollution index has started to see increasing use in 
recent times as it is a multi-element pollution index, but it is limited by its’ use of 
contamination factors (CF), which do not take into account complex sediment 
behaviours, which is also a criticism of Hakanson’s index.  Geoaccumulation indices 
and enrichment factors seek to address these issues with sediment behaviour, with 
the geoaccumulation index using an arbitrary value while enrichment factors use a 
normalising element (normally aluminium). 
There are a number of multivariate assessment tools for grouping elements 
together in order to identify heavy metal sources (such as Cluster Analysis and 
Principal Component Analysis), with Pearson correlation coefficients being popular 
in geochemistry, although that is starting to be replaced by more robust multivariate 
methods such as cluster analysis (CA) and principal component analysis (PCA), both 
of which are used to establish groupings of elements which can be used for source 
identification.  More advanced techniques, such as Principal Component Analysis – 
Absolute Principal Component Scores (PCA-APCS) have not seen much use, despite 
the power of these methods as not only as source identification techniques but also 
for their ability to be used for source apportionment.  Other techniques, such as 
PROMETHEE and GAIA have not seen much use in sediment assessment studies, 
although their ranking and decision making capabilities have been used in 
considering sediment clean-up. 
These methods have not been applied to Moreton Bay, which is a sub-tropical 
embayment and is semi enclosed with barriers on three sides, including sandy barrier 
islands.  Moreton Bay has three major sediment inputs, including riverine sediments 
from the Caboolture, Pine, Brisbane and Logan Rivers as well as sand intrusion from 
the northern entrance to the bay and the southern entrance.  Sediments from the 
riverine sources are of volcanic origin as Moreton Bay was formed from volcanic 
deposits and the Brisbane River carries mostly sediments associated with the 
Marburg Formation. 
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The distribution of sediments on the floor of Moreton Bay consists of mud 
deposited in Bramble Bay, with sand intruding on the eastern side of Bramble Bay, 
and Deception Bay sediments consisting mainly of sand.   
This has major implications for heavy metal deposition and fate in Moreton 
Bay.  The intrusion of sand from the north and east of the bay means that burial in 
these sandy sediments can act to sequester heavy metals deposited in those areas, 
while the significant inputs of riverine mud from west is likely to concentrate metals 
and increase their risk to benthic organisms.  The other major implication of these 
sediment flows is that the mud is most likely to settle in Bramble Bay and this leads 
to the suggestion that Bramble Bay is most likely to show the heaviest contamination 
in the study area. 
2.8 GAPS IN THE LITERATURE 
There are a number of gaps in the literature in terms of heavy metal pollution 
of Moreton Bay, in particular: 
 There is little to no understanding of the distribution of heavy metals in the 
sediments of Moreton Bay, with the last occurring in the late 1970s; 
 Our understanding of sediment pollution in Moreton Bay is based on a 
very limited number of elements and sampling locations; 
 There has been no previous modelling of pollution sources in Moreton 
Bay using chemometric techniques such as Hierarchical Cluster Analysis 
(HCA), Principal Component Analysis or (PCA) Principal Component 
Analysis-Absolute Principal Component Scores (PCA-APCS) 
 There is no understanding of the distribution and concentrations of 
“bioavailable” heavy metals in Moreton Bay; 
 There are limitations with the pollution indices currently in use, in that 
only single element indices account for complex sediment behaviours and 
there are no multi-element indices that consider complex sediment 
behaviours; and 
 There are a number of limitations with current Sediment Quality 
Guidelines which need addressing. 
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Chapter 3: Experimental methods and 
theoretical framework 
3.1 SELECTION OF SAMPLING SITES 
There were two sampling strategies selected for this project.  The first 
sampling strategy was the use of “judgemental sampling” where sampling sites are 
selected on the basis of likely sediment inputs.  The second sampling strategy was 
the use of systematic sampling, where samples are taken from sampling sites that 
have been selected according to a systematic approach.  The use of systematic 
sampling was used in Deception Bay, whilst targeted sampling was used for Bramble 
Bay and the background sampling sites. 
3.1.1 BRAMBLE BAY SAMPLING AREA 
The sampling sites for Bramble Bay (Figure 3.1) were determined by selecting 
prominent landmarks which gave the best possible coverage of the area.  The sites 
selected were the Clontarf Boat Ramp (BR); the buoy marking the reef at Otter Rock 
(OR); the mouth of Nudgee Creek (NC), the mouth of the Brisbane River at the Port 
of Brisbane (POB); the mouth of the Pine Rivers inshore of the Ted Smout Bridge 
(PR) and Sandgate at the Shorncliffe Pier (SG).   
Other sites were examined, such as a site near Hays Inlet, which was rejected 
as being unsafe to get to and from, due to rocks and tides.  Another sampling site 
near the Hazardous shipping anchorage (approximately 1.5 km north of the Port of 
Brisbane Site) was not continued due to risks associated with sampling at that 
location.  Another site was examined in the last two runs which was halfway 
between the Otter Rock (OR) sampling site and the Nudgee Creek (NC) site and this 
site was given the designation BB9 and the data has not been reported (different 
sampling period). 
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Figure 3.1: Bramble Bay sampling site locations 
 
Areas of interest in Bramble Bay included: 
 Port of Brisbane on the Brisbane River, which sees a large amount of 
commercial shipping.  In addition, the Brisbane River has inputs from 
several industrial areas which drain into it.  The Brisbane Airport is in the 
vicinity of the Port of Brisbane (POB) sampling site. 
 The Clontarf industrial complex which drains into Hayes Inlet, which is 
near the Boat Ramp (BR) site.  There is also a small anchorage at the Boat 
Ramp (BR) site. 
 The Nudgee Creek (NC) site is on the mouth of Nudgee Creek, which 
passes through the Nudgee and Banyo industrial sites, which includes a 
steelworks.  
 The Pine River site is downstream from a quarry and the Pine Rivers 
Bridge, which is a major traffic thoroughfare.   
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Samples were taken from these sites in the first week of February 2012, the 
middle of April 2012, the end of June 2012 and in early November 2012.  Sampling 
runs in August 2012 were abandoned due to bad weather making it dangerous to 
complete sampling operations and a sampling run in October 2012 was abandoned 
after the boat suffered a mechanical failure necessitating engine repairs. 
3.1.2 DECEPTION BAY SAMPLING AREA 
The Deception Bay sampling sites (Figure 3.2) were selected using GPS 
coordinates that corresponded to a grid with nodes 2.5 km from each other, centred 
around the mouth of the Caboolture River (site DB1, which was at the mark denoting 
the start of the channel into the Caboolture River.  Site BJ is the Bongaree Jetty 
background site).  The sampling sites were numbered according to the order in which 
they would be visited when the boat was launched from the boat ramp at the mouth 
of the Caboolture River. 
 
Figure 3.2: Deception Bay sampling site locations 
Areas of interest in Deception Bay included: 
 Shipyards in the mouth of the Caboolture River (Site DB1); 
 Anchorages in Pumicestone Passage (sites DB5 and BJ); the mouth of the 
Caboolture River (site DB1) and Redcliffe harbour (sites DB10 and 
DB11); and 
Caboolture River
Redcliffe Peninsular
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 Wastewater treatment plant at Bongaree which discharges into Deception 
Bay (site DB5). 
Samples were taken from these sites in the middle of April 2012, the end of 
June 2012 and in early November 2012.  Sampling runs in August 2012 were 
abandoned due to bad weather making it dangerous to complete sampling operations 
and a sampling run in October 2012 was abandoned after the boat suffered a 
mechanical failure necessitating engine repairs. 
3.2 SELECTION OF BACKGROUND SAMPLING AREAS 
Background sampling sites were selected based on several criteria: 
 The site needed to be in the watershed of one of the rivers that feed into 
Northern Moreton Bay (Caboolture River, North Pine River, South Pine 
River, Brisbane River and Bremer River); 
 The sampling site needed to have little or no industrial input; and 
 The sampling site needed to be easily accessible and on public land. 
These criteria lead to the selection of the following sites as background 
sampling locations: 
 The Caboolture River at Rocksburg 
 The North Pine River at Dayboro 
 The South Pine River at Samford 
 The Brisbane River at the Kholo Bridge, Kholo 
 The Bremer River at Rosevale 
These sampling sites met the above criteria and were used to provide 
information on the background sediment input.  However, as some of the sediment 
input in Northern Moreton Bay comes from marine sediment and sand through the 
Northern Passage, a background sample was taken from Woorim Beach (WB).  In 
addition, to account for potential input from Pumicestone Passage, another 
background sample was taken from Bongaree Jetty (BJ).   
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3.3 SAMPLING PROCEDURES 
Two different sets of sampling procedures were used for sampling the 
background and Moreton Bay sites.  At the background sites, samples were taken 
from the riverbank using a plastic scoop that had been acid cleaned.  The samples 
were then put on ice and transported to the laboratory for analysis. 
Sediments sampled from Moreton Bay were taken using a Van Veem-type 
7.5 kg sample dredge that was lowered over the side of a boat.  The samples were 
then pulled up from the bottom and deposited in a clean plastic container (which was 
rinsed between samples with demineralised water) and scooped into a clean plastic 
sample bag before being placed on ice, returned to the lab and frozen in preparation 
for analysis. 
3.4 SAMPLE HANDLING 
Once collected, the samples were handled according to the schematic in 
Figure 3.3, which shows how samples were handled through to analysis and data 
manipulation. 
Once the samples were brought to the laboratory, a sub-sample was taken and 
freeze dried using a Vertis 5L freeze drier.  The original sample was frozen to -20 °C 
and placed in storage.  The dried sub sample was sieved through a 2 mm sieve to 
remove larger pieces of debris, such as pieces of shell and rocks before being sieved 
to 90 µm to remove smaller pieces of shell debris and sandy material. 
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Figure 3.3: Schematic showing how samples were handled (light yellow), how data was collected 
(green) and how that data was manipulated (red). (Definitions of acronyms are provided in the 
glossary). 
3.5 SAMPLE ANALYSIS 
3.5.1 WEAK ACID EXTRACTABLE METALS (WE-M) DIGESTIONS 
Weak acid extractions were completed by placing 0.05 g sample in a clean and 
dry 50 cm
3
 centrifuge tube that had been pre-weighed, followed by the addition of 
approximately 20 mL of ultra-pure (18 MΩ resistivity) water.  A 3.7 mL aliquot of 
double distilled, concentrated nitric acid was added before the sample was diluted to 
50 mL, sealed and reweighed to determine the dilution factor. 
The WE-M extraction method selected was based on suggestions made by 
Simpson et al. (2005), in which 1 M HCl is recommended.  However, the use of 
HNO3 was decided upon to minimise the formation of insoluble chlorides of Pb and 
Hg. 
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Once the samples had been prepared, they were placed in an end-over-end 
tumbler and tumbled at 100 rpm for six hours.  The samples were then centrifuged at 
3500 rpm for 10 minutes before a 10 mL sub sample was taken and analysed via 
ICP-MS/MS using an Agilent 8800 ICP- Triplequad MS (ICP-QQQ) 
3.5.2 TOTAL RECOVERABLE METALS (TR-M) DIGESTIONS 
The total recoverable extractions were conducted by placing 0.05 g of sample 
into a pre-cleaned Teflon microwave tube, with 3 mL double distilled, concentrated 
nitric acid, as well as 1 mL double distilled concentrated hydrochloric acid.  Then 
0.1 mL of 1000 ppm Au was also added as a preservative for Hg.  This ratio of acids 
was selected as they minimise the formation insoluble chlorides of Pb and Hg. 
The samples were then microwaved using a milestone ultrawave with a ramp 
up to 260 °C over 20 minutes, followed by a 40 minute hold at 260 °C to complete 
extraction.  Once the samples had cooled, they were quantitatively transferred into a 
cleaned pre-weighed 50 mL falcon tube and diluted to 50 mL with ultra-pure 
(18 MΩ resistivity) water before being reweighed to establish the sample dilution 
factor. 
The samples were then centrifuged at 3500 rpm for 10 minutes before a 10 mL 
subsample was taken and analysed via ICP-MS/MS using an Agilent 8800 
ICP-QQQ. 
3.5.3 X-RAY FLUORESCENCE (XRF) 
Approximately 4 g of sample was accurately weighed into a sample cup and 
analysed using a XPECTRO XEPOS instrument and the analysis conditions below 
(Table 3.1). 
Table 3.1: XRF analysis conditions 
Target Molybdenum Aluminium oxide Cobalt Bragg/HOPG 
Flush gas He He He He 
Energy (keV) 40 49.5 35 17.5 
Current (mA) 0.88 0.70 1.00 2.00 
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3.6 QUALITY ASSURANCE/QUALITY CONTROL (QA/QC) 
PROCEDURES 
Quality control was performed in accordance with NATA (National 
Association of Testing Authorities) guidelines for method validation (NATA, 2012) 
and measurement uncertainty (NATA, 2009).  These procedures included the use of 
randomly selected duplicates of samples, the use of field and trip blanks during 
sample collection, which were then followed through to sample analysis, along with 
the use of a QC sample (in this case, the CRM MESS-3) which was analysed a 
number of times during the analysis procedure. 
Laboratory and reagent blanks were also used in the sample analysis 
procedures to quantify and minimise interference from extraction reagents.  In order 
to assure the efficiency of the extraction process, the certified reference material 
MESS-3, prepared by the National Research Council of Canada was purchased and 
extracted as samples (see below).  For XRF, the certified reference material AC-E 
(prepared by Ametek) was used (see below). 
3.6.1 XRF QC METHODS 
For XRF analysis, the certified reference material AC-E was used as supplied 
by Ametek (Berwyn, USA) with the instrument.  The reference material was 
analysed once every twelve samples and vital statistics maintained (Table 3.2).  The 
recovery and relative standard deviations show that the analysis was both precise and 
accurate. 
Table 3.2: AC-E certified reference material recovery data 
Compo
nent 
Composit
ion  
(%) 
Recov
ery  
(%) 
RSD
1
 
(%) 
Al2O3 14.75 100.9 0.3 
SiO2 70.61 100.2 0.1 
Fe2O3 2.54 98.2 0.2 
MnO2 0.06 93.1 0.5 
1
RSD -Relative Standard Deviation 
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3.6.2 WE-M/TR-M QC METHODS 
In addition to laboratory and reagent blanks, CRM-MESS-3 was analysed 
according to the WE-M (see Section 3.5.1) and TR-M (see Section 3.5.2) protocols.  
For the WE-M analysis, one sample in every 20 was the CRM, while 1 in every 15 
samples for the TR-M analysis was the CRM.  These samples were carried through 
the entire digestion and analysis procedure and their statistics recorded (Table 3.3). 
The WE-M analysis was complicated as there are very few CRMs which have 
fraction data and the ones which do were not available at the time of analysis, 
making it impossible to accurately determine the fraction recovery.  For the WE-M 
analysis, the recoveries were calculated from the certified total values and RSD was 
used to estimate whether the extraction and analysis was efficient.   
From the WE-M recovery information, it was clear that the efficiency of 
extraction for most elements was reasonable, with RSDs being below 11% for all 
elements, with the exceptions of Te and Hg.  Both of which were approaching the 
limits of detection for the ICP-MS/MS method.  As the RSDs were so low, it was 
assumed that the efficiency of the extraction did not vary greatly during the analysis.  
Generally, the recoveries varied from 2.8% for Ti, which is known for being very 
difficult to extract, to 93.8% for Mn.  Fe, Co, Cu, Zn, Cd and Pb had recoveries of 
greater than 85%, while Al, V, Cr, Sb, As, Hg, Tl and U had much lower efficiency, 
which is due to the gentleness of the 1 M HNO3 extraction procedure not attacking 
the silicate mineral lattice and this is comparable to work done by Townsend et al. 
(2007), although there are some minor differences. 
The recoveries were generally reasonable and comparable to work done by 
Roje (2010) for the TR-M analyses, with the exception of Ti (which is not very 
soluble).  Ti, Hg, Sb and Te had high relative standard deviations (RSDs), most 
likely due to the extraction approaching the limits of the TR-M method.  However, 
the recovery data generally suggests that the analysis method is both precise and 
accurate, once suppression was identified and corrected. 
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High RSDs are an indication that the method detection limit of the extraction 
method had been reached and that the validity of those elements should be 
considered with caution.  For the WE-M extractions, Hg and Te were approaching 
the method detection limit, while Te, Hg, Sb, Cd and Ti were approaching the MDL 
for the TR-M extractions. 
The CRM for the TR-M extractions was used to correct for plasma suppression 
caused by high total dissolved solids in the analysed samples at the end of long 
analysis runs.  This was done by comparing the expected and recovered 
concentrations for each element (Equation 3.1).  For the elements with no certified 
value, the correction factor from the certified element with the closest mass number 
was used (for example, Th was corrected using U).  This procedure is similar to 
work done by Case et al. (2001) and Watters Jr et al. (1997). 
 
Corr. Factor =
expected concentration
recovered concentration
 
Equation 3.1 Correction factor calculation for ICP-MS/MS drift 
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Table 3.3: MESS-3 certified reference material recovery data 
Element 
Expected 
(mg.kg
-1
) 
WE-M (n = 9) TR-M (n = 7) 
Mean 
Recovery 
(%) 
RSD 
(WE-M) 
(%) 
Mean 
Recovery 
(%) 
RSD 
(TR-M) 
(%) 
Al 85900 ± 2300 19 5.4 100 10.6 
Ti 4400 ± 600 3 9.2 6 37.2 
V 243 ± 10 28 5.6 100 8.8 
Cr 105 ± 4 25 5.2 100 8.8 
Mn 324 ± 12 94 1.7 98 7.9 
Fe 43400 ±100 89 5.7 100 9.3 
Co 14.4 ± 2 88.2 5.6 100 8.3 
Ni 46.9 ± 2.2 81 5.6 99.6 10.1 
Cu 33.9 ± 1.6 91.7 4.9 100 9.5 
Zn 159 ± 8 90.6 8.2 100 11.1 
Ga -- -- 10.4 -- 9.3 
As 21.2 ± 1.1 60.8 2.2 100 9.1 
Cd 0.24 ± 0.01 91.7 10.3 104.2 14.2 
Sb 1.02 ± 0.09 34.3 4.73 100 32.8 
Te -- -- 53.4 -- 67.8 
Ce -- -- 1.9 -- 10.1 
Hg 0.09 ± 0.02 66. 7 40.5 100 39.7 
Tl 0.9 ± 0.06 22.2 8.8 100 8.0 
Pb 21.1 ± 0.7 85.4 1.6 100 9.9 
Th -- -- 3.4 -- 10. 
U 4 25 3.9 100 11.8 
 
3.7 DATA ANALYSIS 
3.7.1 MISSING VALUES AND VALUES BELOW METHOD DETECTION LIMITS 
Once all of the data had been collected and corrected, individual values were 
checked to ensure that there were no missing or negative values.  Any missing or 
values below the method detection limit were replaced with one half of the Method 
Detection Limit (MDL) for that element.  Method Detection Limits are reported in 
Table 4.5 (p.98), Table 7.1 (p. 180) and Table 8.1 (p.208). 
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3.7.2 ENRICHMENT FACTORS 
Enrichment factors (Equation 3.2) were calculated using the WE-M 
concentrations for the element of interest and compared against the TR-M Al 
concentration.  TR-M Al was used to calculate Enrichment Factors as Al was shown 
to have good recovery as well as being a standard element used in the literature 
(Qingjie et al., 2008).   
EF =
(
Cx
Cref
)
(
Bx
Bref
)
 
Equation 3.2: Enrichment Factor 
 
Once calculated, EFs were compared against the sediment qualifications 
(Table 3.4) (Qingjie et al., 2008) in order to determine sediment quality.  These 
values were then checked for degree of contamination and referred to in publications 
(see Chapters 4, 5, 7 and 8). 
Table 3.4: Enrichment Factor sediment qualifications 
Sediment qualification EF (Qingjie et al., 2008) 
No enrichment EF < 1 
Minor pollution 1  < EF < 3 
Moderate pollution 3 < EF < 5 
Moderately severe pollution 5 < EF < 10 
Severe pollution 10 < EF < 25 
Very severe pollution 25 < EF < 50 
Extremely severe pollution EF > 50 
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3.7.3 MODIFIED POLLUTION INDICES 
Modified pollution indices (Equation 3.3) were calculated from the enrichment 
factors (Equation 3.2).  Once they had been calculated, the modified pollution 
indices were then compared against the EF sediment qualifications (Table 3.4). 
 
MPI = √
(EFaverage)
2
+ (EFmax)2
2
 
Equation 3.3: Modified Pollution Index 
For further discussion on the development and application of the modified 
pollution index, see Chapter 6, “Development of a hybrid pollution index for heavy 
metals in marine and estuarine sediments”. 
3.7.4 FRACTION ANALYSIS 
Fraction analysis was used to determine the percentage of weak acid soluble 
metal at each sampling site.  As the weak acid soluble metals are more mobile, 
fraction analysis can be used to provide an initial estimate of the amount of 
bioavailable metals at each sampling site. 
Fraction analysis was performed by comparing the Weak Acid Extractable 
Metals (WE-M) against the Total Recoverable Metals (TR-M) as per Equation 3.4 
for each element at each site (where WEx is Weak Extractable concentration, TRx is 
Total Recoverable concentration and x is the element of interest). 
 
%WE − M = (
WE − M
TR − M
) × 100 
Equation 3.4: Percent weak acid soluble metals 
Once the fractions of each element were calculated, they were plotted as box 
and whisker plots using SigmaPlot 12.5 (Systat, 2013), which were then used to 
analyse the temporal behaviour of the weak acid soluble fraction. 
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3.7.5 HCA ANALYSIS 
Hierarchical Cluster Analysis (HCA) was perfomed using SPSS 19 software, 
(IBM, 2013) to identify links between elements and sampling sites, which could then 
be used to provide an initial source identification of metals.  The hierarchical cluster 
analysis was performed using both cases and variables to develop groups.  
Dendrograms were plotted with linkages between groups using squared Euclidean 
distance and standardised around a mean of 1 for the sampling sites.  For the 
comparison of elements, the cluster analysis was performed by using between groups 
linkage, a measuring interval based on squared Euclidean distance and using Z 
Scores to standardise by variable. 
3.7.6 PROMETHEE AND GAIA 
PROMETHEE and GAIA are multicriteria decision making tools which were 
used to rank sites in order from the least contaminated site to the most contaminated 
site.  This information was then compared against the Si/Al ratios to determine 
whether or not there were links between sand content and contamination. 
PROMETHEE and GAIA analysis of the contaminant metals of interest (Cr, 
V, Co, Ni, Cu, Zn, As, Pb and Th) was performed using Decision Lab software 
(Anonymous, 1999).  The V-shaped preference function, available in the Decision 
Lab Software was used for the PROMETHEE analysis, with the maximum 
concentration of each contaminant metal used as a threshold and a complete ranking 
of the objects (sites in this case) was determined from the most preferred to the least 
preferred (where the most preferred is the least polluted).  GAIA was used for the 
display of the PROMETHEE analysis results in the form of a PCA biplot. 
3.7.7 PCA ANALYSIS 
PCA analysis was used to identify linkages between groups of elements and 
comparing the groups with the results of the HCA analysis.  The use of PCA allowed 
an initial assessment of potential sources. 
PCA was performed using IBM SPSS 21 (IBM, 2013) using the WE-M data, 
with the use of  KMO (Kaiser-Mayer-Olkin) and Bartlett’s test of sphericity and 
Varimax rotation with the component scores being saved as regression variables.  
The Scree plots and two dimensional loading plots of PC1 against PC2 were used to 
display the output of analysis. 
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3.7.8 PCA-APCS 
PCA-APCS analysis was used to perform source apportionment of the weak 
acid extractable metals (WE-M).  The PCA-APCS analysis provided source profiles 
and source contributions plots where were used to identify both the sources of heavy 
metals in Deception and Bramble Bays as well as the contributions of those sources 
to the total heavy metals loadings at each sampling site. 
PCA-APCS was performed after the PCA was done by adding a row of zeroes 
(a “null” site) to the last row of data and redoing the PCA.  This was then subtracted 
from the component scores to calculate the Absolute Principal Componenet Scores.  
The scores were then regressed against the sum of the masses of all of the elements 
at each sampling site.  The regression coefficients were then mulitplied against the 
Absolute Principal Component scores to calculate the contribution of each source to 
the sampling sites.  This information was plotted to develop the contributions plots. 
The sum of the components for each site was plotted against the observed sum 
of masses at the sampling site and the correlation coefficients were determined to 
ensure that the model was a good fit.   
The source profiles were calculated by dividing the component scores by the 
regression factor and multiplied by a factor of 1 000 000 to develop the source 
profiles.  The profiles were then plotted as bar graphs for each source. 
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4.1 PREFACE 
This paper examines the applicability of X-ray fluorescence as a rapid 
screening technique for heavy metals in the sediments of the sampling area.  
Enrichment Factors and Nemerow pollution indices (PI) were applied to the data to 
identify levels of contamination. 
It also applies Hierarchical Cluster Analysis (HCA), PROMETHEE and GAIA 
to the data to provide an initial estimation of metal sources within Deception Bay. 
Silicon/Aluminium ratios were also used to provide identification of sampling sites 
with higher sand content while a zinc anomaly was given a tentative source. 
This was the first assessment of heavy metal pollution in Deception Bay using 
X-ray Fluorescence.  It was also the first work published on Deception Bay that used 
pollution indices to assess the extent of pollution.  Chemometric techniques 
including HCA, PROMETHEE and GAIA were used to provide initial source 
identification for the first time in Deception Bay. 
Analysis of the pollution indices used in this study found that there were 
limitations to the use of all of the indices.  For example, the Enrichment Factors for 
each element at each site showed that most elements had been enriched, the modified 
degree of contamination index suggested that pollution was minimal while the 
Nemerow pollution index suggested that Deception Bay was heavily polluted.  
Although useful, the use of these pollution indices demonstrated shortfalls in their 
development and application which needed to be addressed. 
4.1.1 CITATION 
Brady, J. P., Ayoko, G. A., Martens, W. N., & Goonetilleke, A. (2014). Enrichment, 
distribution and sources of heavy metals in the sediments of Deception Bay, 
Queensland, Australia. Marine Pollution Bulletin, 81(1), 248-255. 
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4.2 ABSTRACT 
Sediment samples from 13 sampling sites in Deception Bay, Australia were analysed 
for the presence of heavy metals.  Enrichment factors, modified contamination 
indices and Nemerow pollution indices were calculated for each sampling site to 
determine sediment quality.  The results indicate significant pollution of most sites 
by lead (average enrichment factor (EF) of 13), but there is also enrichment of 
arsenic (average EF 2.3), zinc (average EF 2.7) and other heavy metals.  The 
modified degree of contamination indices (average 1.0) suggests that there is little 
contamination. By contrast, the Nemerow pollution index (average 5.8) suggests that 
Deception Bay is heavily contaminated.  Cluster analysis was undertaken to identify 
groups of elements. Strong correlation between some elements and two distinct 
clusters of sampling sites based on sediment type was evident.  These results have 
implications for pollution in complex marine environments where there is significant 
influx of sand and sediment into an estuarine environment. 
4.3 KEYWORDS 
Heavy metals pollution, Heavy metal enrichment, Heavy metal distribution, 
Deception Bay, X-ray Fluorescence 
DOI: 10.1016/j.marpolbul.2014.01.031
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4.4 INTRODUCTION 
Increasing concern about the release of heavy metals and their effects on 
human and ecosystem health (Mitra et al.; Tang et al., 2010) has led to increased 
monitoring of the concentrations and study of the fate of heavy metals in the 
environment.  This research is gaining importance with ever increasing 
understanding of the biogeochemical recycyling processes,the consequent public 
health and ecological risks (Che et al., 2003; Liu et al., 2003) and the potential for 
these processes to enhance the bioavailability of heavy metals. 
Chapman and Wang (2001) referred to marine areas adjacent to urban areas as 
“the septic tank of the metropolis”. Research into the effects that urbanisation has on 
the heavy metals content in urban soils, stormwater runoff and their adjacent marine 
environments is extensive and increasing (Abrahim and Parker, 2008; Chapman and 
Wang, 2001; González-Fernández et al., 2011; Herngren et al., 2005, 2006; Jardine 
and Bunn, 2010; Li et al., 2012; Sörme and Lagerkvist, 2002).  One of the sensitive 
marine areas which has seen rapid population growth and expanded industrial 
activity since the 1980s is Deception Bay, which is the northernmost embayment 
within Moreton Bay, Southeast Queensland, Australia. As a result of the rapid 
population and industrial growth in Southeast Queensland, and the consequent 
potential for adverse environmental impact, the Queensland Government set up the 
Healthy Waterways program (Anonymous), which is charged with assessing and 
reporting the ecosystem health of major waterways, via its annual report cards by 
using a number of indicators to determine the ecological health of Moreton Bay 
(Anonymous, 2008a; Pantus and Dennison, 2005). 
The current method of determining the health of Moreton Bay is based on a 
number of previous studies (Abal et al., 2001; Dennison and Abal, 1999; McEwan, 
1998). The major limitation in these studies was that they examined nutrient 
parameters rather than heavy metals content and their distribution in Moreton Bay. 
This has resulted in the lack of understanding of the distribution of toxic metals, and 
their interactions with the ecosystem and mobility within the food chain. 
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Recent work by Morelli et al. (2012) inferred that industrialisation linked to 
the establishment of penal colonies in the Brisbane region in the early years led to 
minor enrichment of cadmium, lead, zinc and nickel. Their conclusions were based 
on the enrichment of metals found in core samples taken from two sampling sites in 
the intertidal regions of Deception Bay. However, it does not consider how 
sediments are mixed and sequestered within the bay. 
Although a number of lithogenic sources of heavy metals can exist in the 
natural environment, the vast majority of heavy metals found in sediments near built 
up areas are of anthropogenic origin (Ahdy and Youssef, 2011; Binning and Baird, 
2001; Wilber and Hunter, 1979; Wright and Mason, 1999). The primary mechanism 
of deposition of heavy metals found in the marine environment are deposition from 
the atmosphere (Choi et al., 2011; Romic and Romic, 2003; Tang et al., 2010); 
industrial and agricultural discharges (Tang et al., 2010) and stormwater runoff 
(Herngren et al., 2005, 2006).  Similarly, estuarine environments are complex (Liu et 
al., 2003) receiving contamination from a range of diverse sources (Blasco et al., 
1999; Choi et al., 2011).  Intense sedimentation within estuarine and marine 
environments traps heavy metals within fine grained particles which then precipitate, 
and filter heavy metals out of the immediate biosphere (Chapman and Wang, 2001; 
Choi et al., 2011; De Wolf et al., 2000; Riba et al., 2002).  This intense 
sedimentation concentrates heavy metals, and also helps to limit their environmental 
impact (Ahdy and Youssef, 2011; Grecco et al., 2011).  However, sequestration can 
be of concern due to the long residence times (Imperato et al., 2003) which increase 
the possibility of re-suspension and re-entry to the biosphere (Birch and Taylor, 
1999; González-Fernández et al., 2011). Figure 4.1 is a simplified schematic of the 
fate of heavy metals in the marine environment and illustrates some of the complex 
interactions which can occur between sources and sinks. 
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Figure 4.1:  Fates of heavy metals in estuarine environments 
4.5 SAMPLING AREA 
Moreton Bay, a shallow subtropical bay in Southeast Queensland, Australia 
(27°15’S, 153°15’E), includes an extensive marine park and is home to a number of 
endangered animal species, such as dugong (Dugong dugon).  Deception Bay 
(27°8’S, 153°6’E) is the northernmost embayment within Moreton Bay and the two 
waterway, which outfalls into Deception Bay are the Caboolture River and 
Pumicestone Passage.  These waterways flow through urban, industrial and rural 
areas in the Caboolture region, which is approximately 45 km north of Brisbane 
City. The region has witnessed exponential population growth (Figure 4.2) since the 
latter stages of the twentieth century.  As a result of this population increase, there 
has been significant expansion of housing and local industries.  One of the impacts 
of this urban development has been an increase in sediment loadings through the 
Caboolture River into Deception Bay (Dennison and Abal, 1999).  This is 
compounded by the fact that there is little mixing in Deception Bay (McEwan et al., 
1998b).  This lack of mixing increases the potential for significant heavy metal 
enrichment of sediments in Deception Bay. 
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Figure 4.2: Population of Caboolture and surrounding area since 1921 
Sampling sites in Deception Bay were selected in order to achieve a systematic 
coverage of the study area, keeping within the limitations of the area (such as water 
depth and local weather).  These sites are shown in Figure 4.3.  In addition to the 
sites, a background sample was taken from the upper reaches of the Caboolture River 
at 27°6’30”S, 152°50’58”E, which correlates with the rural area of Rocksberg. 
 
Figure 4.3: Sampling locations in Deception Bay 
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Samples from Deception Bay were taken using a Van Veem 7.5kg sample 
dredge that was lowered over the side of a boat.  The samples were then pulled up 
from the bottom and dumped into a clean plastic container and scooped into a clean 
and labelled plastic sample bag whilst sediments samples taken from upstream sites 
were collected using a plastic scoop and storing in labelled plastic bags according to 
currently accepted international standards (Watts and Halliwell, 1996; Zhang, 2006).  
The samples were placed on ice, frozen for further analysis and freeze dried using a 
Vertis 5L freeze dryer before being screened for particles less than 2mm and crushed 
to <100 µm using a swing mill.  The freeze dried sample was analysed by X-ray 
Fluorescence (XRF) using a XPECTRO XEPOS instrument to analyse 4g of loose 
sediment under experimental conditions outlined in Table 3.1.  The samples were 
then analysed for the elements: Al, Si, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Pb, As, 
Cd, Sb, Te, Ce, Hg, U and Th.   
 
Table 4.1: XRF analysis conditions 
Target Molybdenum Aluminium oxide Cobalt Bragg/HOPG 
Flush gas He He He He 
Energy (keV) 40 49.5 35 17.5 
Current (mA) 0.88 0.70 1.00 2.00 
 
Quality control was performed in accordance with NATA (National 
Association of Testing Authorities) guidelines for method validation (NATA, 2012) 
and measurement uncertainty (NATA, 2009) by analysing certified reference 
material AC-E, which has a composition of 14.75% Al2O3; 70.61% SiO2; 2.54% 
Fe2O3 and 0.06% MnO2.  Recoveries were 100.9% for Al, 100.2% for Si, 93.1% for 
Mn and 98.2% for Fe.  The reference material was provided by Ametek (Berwyn, 
USA) with the instrument and analysed as a QC sample.  The standard deviation for 
the reference material after five analyses was determined to be 0.05 for Al, 0.09 for 
Si, 0.0003 for Mn and 0.006 for Fe. 
Data analysis used a number of single and multiple element indices to 
determine heavy metal pollution, including the use of enrichment factors and 
geoaccumulation indices, along with multi-element indices such as the Nemerow 
pollution index and modified degree of contamination index. 
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Enrichment factors (Qingjie et al., 2008) (E.F; Equation 1) were determined 
for all elements normalised against aluminium concentration, with enrichment 
factors greater than one being considered anthropogenic and requiring further 
investigation. 
      (1) 
Modified degree of contamination (mCd; Equation 2 and Equation 3) factors 
adapted from (Hakanson, 1980) method were determined for the suite of elements 
tested and compared against the sediment classifications given in Table 4.2 
 
 
Table 4.2: modified contamination index sediment quality indicators 
mCd Value Qualification of Sediment 
mCd < 1.5 Nil to very low degree of contamination 
1.5  < mCd < 2 Low degree of contamination 
2 < mCd < 4 Moderate degree of contamination 
4 < mCd < 8 High degree of contamination 
8 < mCd < 16 Very high degree of contamination 
16 < mCd < 32 Extremely high degree of contamination 
mCd > 32 Ultra high degree of contamination 
 
       (2) 
Where: 
       (3) 
 
The Nemerow pollution index (Guang et al., 2010; Qingjie et al., 2008) (PI; 
Equation 4) was used to determine whether or not sampling sites were polluted by 
comparing with the criteria given in Table 4.3 
 
𝐸𝐹 =
(
𝐶𝑥
𝐶𝑟𝑒𝑓
)
𝑆𝑎𝑚𝑝𝑙𝑒
(
𝐶𝑥
𝐶𝑟𝑒𝑓
)
𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑  
 
𝑚𝐶𝑑 =
∑ 𝐶𝑓𝑖𝑛𝑖=1
𝑛
 
𝐶𝑓 =
𝐶𝑠𝑎𝑚𝑝𝑙𝑒
𝐶𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
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Table 4.3: Nemerow pollution index sediment quality indicators 
PI Value Qualification of Sediment 
PI < 0.7 Non-polluted sediment 
0.7  < PI < 1 Nearly polluted sediment 
1 < PI < 2 Lightly polluted sediment 
2<PI < 3 Moderately polluted sediment 
3<PI Seriously Polluted sediment 
 
      (4) 
Using SPSS 19 software, hierarchical cluster analysis was performed on the 
data to identify links between elements and sampling sites.  The hierarchical cluster 
analysis was performed using both, cases and variables to develop groups.  
Dendrograms were plotted with linkages between groups using squared Euclidean 
distance 
PROMETHEE is a non-parametric data analysis method which uses multiple 
criteria to rank objects from the  most preferred to the least based on a range of 
variables or criteria (Herngren et al., 2006).  GAIA is a visual representation of the 
PROMETHEE analysis. It is similar to a PCA plot but has a decision axis (labelled 
as Pi) which can be used to indicate the direction of the most preferred objects for 
the decision making(Khalil et al., 2004). 
PROMETHEE and GAIA analysis of the contaminant metals of interest (Cr, 
V, Co, Ni, Cu, Zn, As, Pb and Th) was performed using Decision Lab software 
(Anonymous, 1999).  The V-shaped preference function, available in the Decision 
Lab Software was used for the PROMETHEE analysis, with the maximum 
concentration of each contaminant metal used as a threshold and a complete ranking 
of the objects (sites in this case) was determined from the most preferred to the least 
preferred (where the most preferred is the least polluted).  GAIA was used for the 
display of the PROMETHEE analysis results in the form of a PCA biplot. 
  
𝑃𝐼 = √
(𝐶𝑓̅̅̅̅ )
2
+ (𝐶𝑓𝑚𝑎𝑥 )2
2
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The concentrations of the major sediment elements (Al and Si) as well as the 
clay elements (Mn and Fe) are given in Table 4.4 and the concentrations of the other 
trace metals investigated are given in Table 4.5.  In general, the concentrations of the 
heavy metals varied from site to site, although there is evidence of enrichment for 
most elements at sites which had a lower sand content, suggesting a link between 
terrestrial sediment and heavy metals.  When compared against the Australian 
Interim Sediment Quality Guidelines (SQGs) (Simpson et al., 2005), the 
concentration of Zn at site R2DB1 exceeds the high sediment quality threshold, 
whilst Cr is above the low SQG at all sites, including the background Caboolture 
River site, Ni exceeds the low SQG threshold at the Caboolture River Background 
site and sampling sites R2DB1, R2DB2, R2DB7, R2DB8, R2DB10, R2DB12 and 
R2DB13; while no other element for which a guideline exists has exceeded the low 
threshold.  This indicates that further study of the bioavailability of Cr, Ni and Zn is 
required. 
Table 4.4: Major element concentrations in the sediments of Deception Bay (mg/kg) 
 Al Si Mn Fe 
MDL 
(mg/kg) 
20 5 1 1 
Caboolture 73720±90 311500±200 472±1 40090±30 
R2DB1 2100±10 309500±300 299±1 37140±30 
R2DB2 91200±100 295100±200 548±2 36170±30 
R2DB3 76110±80 388800±200 188±1 16770±20 
R2DB4 39830±70 419900±300 73.3±0.5 8129±9 
R2DB5 29030±60 434600±300 54.5±0.5 4017±6 
R2DB6 12570±30 442800±300 59.8±0.5 3829±6 
R2DB7 13090±90 273700±200 685±2 44070±40 
R2DB8 62300±100 284000±200 593±2 44730±30 
R2DB9 92870±60 435500±300 148.2±0.7 52533±7 
R2DB10 17300±100 277100±200 522±2 45930±30 
R2DB11 110700±80 384100±200 307±1 17080±20 
R2DB12 36800±100 251500±200 773±2 46160±40 
R2DB13 94500±100 232200±200 785±3 41230±30 
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Table 4.5: Trace metal concentrations in the sediments of Deception Bay (mg/kg) 
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Samples taken from the background sampling site, as well as a site at the 
Northern mouth of Moreton Bay (site BJ) (27°S 4.132’S; 153° 12.325’E) were also 
analysed for elemental composition and the Si/Al ratios were determined to obtain 
the background Si/Al ratios (Figure 4.4).  These sites showed that the ratio of Si/Al 
at the background site was 4.2:1, whilst the sandy site (site BJ) had a Si/Al ratio of 
220:1.  Sampling sites DB3, DB4, DB5, DB6, DB9 and DB11 all showed elevated 
Si/Al ratios of over 10:1. This is indicative of sand intrusion into the sediment and 
cluster analysis allowed linkages to be drawn between sand intrusion and heavy 
metal contamination.  Site DB11 shows an elevated Si/Al ratio of 10.4:1, which 
suggests that there is little deposition of terrestrial sediment, whilst sites DB3, DB4, 
DB5, DB6 and DB9 show intrusion of sand from Pumicestone Passage (sites DB3, 
DB4 and DB5) and mineral sands from outside of Moreton Bay (DB6 and DB9), as 
evidenced by the increased Si/Al ratios and enrichment of Th. 
 
Figure 4.4: Si/Al ratio by sampling site  
(site BJ excluded from this figure due to scale) 
Sampling sites which had direct terrestrial input, such as DB1, DB2, DB7 and 
DB12 showed Si/Al ratios less than 5.  This demonstrates that there are significant 
sedimentary inputs into Deception Bay from terrestrial sources such as the 
Caboolture River, and sedimentary transportations around the northern side of the 
Redcliffe peninsular (sites DB13, DB8, DB10). This also suggests that the sediments 
are transported southwards from the Caboolture River and into Greater Moreton Bay 
due to currents pushing the sediment around the northern side of the Redcliffe 
Peninsular. 
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Considering the size of the sampling area, the enrichment factors (EFs) for 
Deception Bay were determined in order to build a broad overview of the extent of 
contamination of the area by the various heavy metals.  Heavy metals determined to 
have an anthropogenic source included: Cr (EF 3.7); Zn (EF 2.7); As (EF 2.3); Pb 
(EF 13) and Th (EF 3.7), along with Mn (EF 1.0), Fe (EF 1.2), Ni (EF 1.1) and Ga 
(EF 1.1).  The other elements (Co, Cu, Ag, Cd, V, Sb, and Hg) were shown not to 
have been enriched by anthropogenic activity as they had enrichment factors less 
than one. 
The enrichment factors as a function of sampling sites for the five elements 
with the heaviest enrichment (Figure 4.5) shows that the magnitude of the enriched 
sediments in Deception Bay is generally low (less than 2), with the exceptions of Pb 
across all sites and the Bongaree Jetty site, which showed significant enrichment of 
Pb and Cr.  The most likely explanation for the high enrichment factors for the 
Bongaree Jetty site is that the sample was sand and deficient in Al (Si/Al of 220:1) 
compared to the other sites, which contained large portions of mud (between 2.6 - 
35:1 Si/Al).  This deficiency in Al resulted in inflated enrichment factors for the 
Bongaree Jetty site compared to the terrestrial background sampling sites due to the 
enrichment factors being normalised against aluminium.  
 
Figure 4.5: Enrichment Factor by sampling site 
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Enrichment factors are limited as they are a single element index and they 
ignore the impact that multiple contaminant elements can have on sediment health.  
The Hakanson modified contamination index can overcome this limitation 
(Hakanson, 1980).  Figure 4.6 shows that in general, contamination of Deception 
Bay across the suite of heavy metals is low according to Hakanson’s sediment 
qualification guidelines (Table 4.2), as all of the sites have an index of less than 4.   
 
 
Figure 4.6: Modified contamination indices for sampling sites 
Sites DB7, DB10 and DB12 had indices greater than 2, which is indicative of a 
moderate degree of pollution at these sites.  The rest of the sites indicated a low level 
of contamination for heavy metals.  The increased heavy metals contamination at 
sites DB7, DB10, DB12 and DB13 are indicative of sediment flows in Deception 
Bay. 
The Nemerow pollution indices indicate that Deception Bay is seriously 
polluted at a number of sites, with the vast majority of the sites having a pollution 
index greater than 3 (Figure 4.7).  This suggests heavy contamination by one or more 
elements at most of the sites, with the exceptions of the Bongaree Jetty sites, along 
with sites DB3 and DB11.  Sites DB5, DB6 and DB9 show only moderate pollution.   
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
m
C
d
Sampling site
102 
102 Heavy metals in the sediments of Northern Moreton Bay, Queensland, Australia 
 
Figure 4.7: Nemerow Pollution indices by sampling site 
A summary table (Table 4.6) of the pollution indices used for the sediment 
analysis of Deception Bay shows a number of salient features.  In particular, it shows 
the artificially inflated enrichment factors for the Bongaree Jetty site caused by 
depleted aluminium concentrations in the sediment.  More importantly, the Nemerow 
pollution indices clearly indicate that most of the sites (with the exceptions of the 
Bongaree Jetty site and sites DB3 and DB11) have been polluted to some extent, 
with sites DB1, DB2, DB7, DB8, DB10, DB12 and DB 13 being the most highly 
polluted. 
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Table 4.6: Summary of pollution indices for Deception Bay sediments 
Site 
Enrichment Factors 
mCd PI As Cr Pb Th Zn 
BJ 2.6 32.3 45.7 11.7 1.9 0.2 1.0 
DB1 1.8 0.5 3.6 0.6 15.2 1.9 13.4 
DB2 2.3 0.6 8.1 1.9 1.7 1.2 6.0 
DB3 1.7 1.3 0.0 3.5 1.2 0.4 1.4 
DB4 1.2 1.7 11.7 3.0 1.0 0.5 3.3 
DB5 1.7 4.7 19.9 8.7 1.1 0.4 2.4 
DB6 1.5 4.2 19.7 5.1 0.9 0.4 2.5 
DB7 4.4 0.6 14.6 3.6 2.4 1.6 8.8 
DB8 2.7 0.4 10.6 2.3 2.7 1.8 9.5 
DB9 1.7 2.8 15.3 4.3 1.1 0.5 2.6 
DB10 1.6 0.3 7.8 1.4 2.0 1.6 8.4 
DB11 2.8 1.2 0.0 0.0 1.5 0.3 1.0 
DB12 2.8 0.4 10.8 2.2 2.1 1.8 9.8 
DB13 3.5 0.6 14.5 3.1 2.3 1.8 10.5 
 
The major source of that contamination, when compared against the 
enrichment factors is Zn for site DB1 and Pb for the other sites.  However, it must 
also be recognised that there is significant enrichment of As, Cr and Th at many of 
the sites. 
The heavy pollution of Deception Bay by Pb, coupled with the population 
increase in the Caboolture area demonstrates a linkage between population growth 
and contamination, with the most likely source of Pb being leaded fuels used in 
vehicles up to 2001.  Contamination of site DB1 by Zn can be linked to the presence 
of two boat building yards in the vicinity of an anchorage in the Caboolture river 
estuary. 
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The enrichment of Th is most likely due to inflows of mineral sands into the 
northern half of Deception Bay from sand travelling up the coast due to current 
flows.  As and Cr are also of concern, with the distribution of As suggesting that 
there is a plume travelling from the area around site DB2 towards the middle of 
Deception Bay, whilst Cr appears to be flowing from Pumicestone Passage (Site 
DB5) south towards the Redcliffe Peninsular and sites DB9 and DB10.  The 
contamination of As may be related to an industrial source, whilst Cr is most likely 
due to the presence of the Bribie Island Marina at Pumicestone passage and some 
artificial enrichment due to depleted Al in the sediments at those sites. 
The cluster analysis of the data suggests that there are several distinct groups 
of elements and sites, which allows for the tentative assignment of source.  The 
dendrogram of sampling sites (Figure 4.8) shows that there are 2 distinct groups.  
The first group of sites consists of sampling sites DB3, DB4, DB5, DB6, DB9, DB11 
and Bongaree Jetty.  These are all sampling sites that have relatively high Si/Al 
ratios (Figure 4), which correlates to sites containing more sand than sediment.  The 
second group of sites DB2, DB7, DB8, DB10, DB12 and DB13 are linked to 
relatively lower Si/Al ratios, which is consistent with sediment input at these sites, as 
shown by Figure 4.4.  The Site DB1 is by itself, which suggests that this site is 
unique.  Examination of the data for site DB1 shows that there is significant 
enrichment of Zn (Table 4.6) which allows tentative linkages to the element 
groupings in Figure 4.9.  The cluster analysis also suggests that the background site 
at Caboolture River is significantly different from the sediment samples in Deception 
Bay.  
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Figure 4.8: Dendrogram of sampling sites 
The cluster analysis identified four clusters of elements of interest (Figure 4.9), 
with clusters of Si and Cr; Pb and Th; Al, Cu, V and Ni; Mn and As.  Zn once again 
appears by itself, which suggests that it is unique and allows a tentative assignment 
to site DB1 and the shipbuilding yards and anchorage at the mouth of the Caboolture 
River. 
The grouping of V and Ni is indicative of the combustion of crude oils (Lewan, 
1984; Lewan and Maynard, 1982) and this suggests that the grouping of Al, Cu, V 
and Ni is linked to shipping in Moreton Bay and the Port of Brisbane.  The grouping 
of Mn and As is most likely due to co-precipitation of the two elements in the 
environment, caused by manganese hydroxides and oxides in clay minerals acting as 
nucleation sites for adsorption of As (Takamatsu et al., 1985).  The grouping of Si 
and Cr is linked to sand and the link between Th and Pb is linked to radioactive 
decay of mineral sands (Arogunjo et al., 2009) entering Deception Bay from the 
north. 
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Figure 4.9: Dendrogram of elements 
The PROMETHEE analysis (Figure 4.10) identifies the least contaminated 
sites as DB5, DB4, DB6, Bongaree Jetty DB3, DB11 and DB9, which are the group 
of sites identified as being mostly sandy in the cluster analysis.  The two most highly 
contaminated sites are identified as being DB8 and DB12, which are clustered 
together in the CA as well.  However, these were less contaminated (according to the 
Nemerow pollution index) than site DB1, which is the fourth most contaminated site 
according to the PROMETHEE analysis. 
 
Figure 4.10: PROMETHEE rankings of Deception Bay sampling sites 
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The GAIA biplot (Figure 4.11) identifies a major group of sites (DB3, DB4, 
DB5, DB6, DB9, DB11 and BJ) which correlate to the sandy sites in the cluster 
analysis and the PROMETHEE analysis.  The decision axis (Pi) points towards these 
sites, confirming that these sites are the least polluted.  The second group of sites 
identified in the cluster analysis (DB 8, DB10 and DB12) are also grouped together 
in the GAIA biplot, which is indicative of similarity between these sampling sites 
too.  DB7 and DB13 are grouped together, which is consistent with the grouping of 
DB7, DB13 and DB2 in the cluster analysis.  However, the GAIA biplot shows that 
there are differences between DB2 and sites DB7 and DB13, which warrants further 
investigation.  The background Caboolture site and site DB1 are independent of the 
other sites. 
 
Figure 4.11: GAIA biplot of Deception Bay sampling sites 
 
The groupings of elements show some differences to the cluster analysis.  In 
particular, Cu is separated in the GAIA biplot (Figure 4.11) from the rest of the 
elements in the same cluster (Ni, V, Co).   
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This study into heavy metals distribution and enrichment in Deception Bay has 
established that the sediments are contaminated by a number of heavy metals, 
including As, Pb, Th, Cr and Zn with the enrichment factors indicating that the major 
contaminant is Pb.  There is also strong evidence that some sites are contaminated 
with Zn and As. 
The modified contamination indices show that the sediments are moderately 
polluted although the Nemerow pollution indices indicate very clearly that most of 
the sites in Deception bay have been seriously contaminated by one or more 
elements, with Pb being the most prominent, although As and Zn are also candidates. 
The cluster analysis shows that the pollution of sediments in Deception Bay 
can be linked to shipping (V, Ni and Cu, which precipitated with Al) and sand (Cr 
and Si).  In addition, there is evidence that sediment type, such as sand content (from 
Si/Al ratios), which has implications for pollutants of interest according to sediment 
type.  Arsenic contamination is linked to manganese-rich sediments (such as clays), 
whilst contamination of site DB1 by high concentrations of Zn can been linked to 
boat building and anchorages at the mouth of the Caboolture river.  The 
PROMETHEE and GAIA analysis clearly identifies that the sandy sites are the least 
contaminated, while DB2 and DB8 are the most contaminated with heavy metals.  
The GAIA biplot identifies the Caboolture background site and site DB1 as being 
independent of the others while elements such as Pb, Th and As are clustered 
together (as shown in the cluster analysis) and the elements Ni, V and Co are 
clustered together, which correlates to the cluster analysis. The results have 
implications for pollution in complex marine environments, especially where there is 
significant influx of sand and sediment into an estuarine environment. 
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5.1 PREFACE 
The first study into the sediments of Deception Bay (Enrichment, distribution 
and sources of heavy metals in the sediments of Deception Bay, Queensland, 
Australia) identified several limitations with modern sediment pollution indices.  
This work examined the issues with each of the major single and multi-element 
pollution indices to identify the best candidates for merging into a hybrid pollution 
index.  This paper also tested the new, hybrid pollution index against previously 
existing studies to confirm that it is applicable in a range of environmental contexts. 
The development and application of a new pollution index which addresses 
limitations of other, more established pollution indices is innovative in that it 
eliminates most of the identified issues with pollution indices. 
5.1.1 CITATION 
Brady, J., Ayoko, G., Martens, W., & Goonetilleke, A. (2015). Development of 
a hybrid pollution index for heavy metals in marine and estuarine sediments. 
Environmental Monitoring and Assessment, 187(5), 1-14, doi:10.1007/s10661-015-
4563-x. 
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5.2 ABSTRACT 
Heavy metal pollution of sediments is a growing concern in most parts of the 
world, and numerous studies focussed on identifying contaminated sediments by 
using a range of digestion methods and pollution indices to estimate sediment 
contamination have been described in the literature.  The current work provides a 
critical review of the more commonly used sediment digestion methods and 
identifies that weak acid digestion is more likely to provide guidance on elements 
that are likely to be bioavailable than other traditional methods of digestion.  This 
work also reviews common pollution indices and identifies the Nemerow Pollution 
Index as the most appropriate method for establishing overall sediment quality.  
Consequently, a modified Pollution Index that can lead to a more reliable 
understanding of whole sediment quality is proposed.  This modified pollution index 
is then tested against a number of existing studies and demonstrated to give a reliable 
and rapid estimate of sediment contamination and quality. 
5.3 KEYWORDS 
Pollution index; Nemerow Pollution Index; bioavailability assessment; heavy 
metals; sediment contamination; modified pollution index 
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5.4 INTRODUCTION 
Heavy metal contamination is of growing concern around the world, 
particularly in South East Asia where stringent regulation of pollution emission is 
emerging or naturally high concentrations of heavy metals can be found in 
groundwaters (Karim, 2000; Mandal et al., 1996; Smedley, 2003; Welch and 
Stollenwerk, 2003).  Due to this growing concern, numerous studies that examined 
heavy metal contamination in marine and estuarine environments have been 
published in recent years (Abrahim and Parker, 2008; Birch and Taylor, 1999; Dung 
et al., 2013; Gao et al., 1998; Kaushik et al., 2009; Pengthamkeerati et al., 2013; 
Tang et al., 2010; Thuong et al., 2013). Many of these studies have also been driven 
by the fact that toxic heavy metals (such as Hg, Cd and As) are non-essential to the 
human body (Toffaletti, 2005) (Table 5.1) and their presence in the body can 
interfere with human biochemistry (Gaw et al., 1999; Pier and Bang, 1980; 
Toffaletti, 2005).   
Table 5.1: Table of selected trace metals and their importance  
to good human health, adapted from Toffaletti (2005) 
 Toxic Metals 
Probably 
Essential 
Proven 
Essential 
Trace 
(mg kg
-1
) 
  Fe, Zn, Cu 
Ultratrace 
(μgkg-1) 
As, Cd, Au, Pb, 
Hg, Si 
Ni, V, Sb 
Mn, Co, Se, 
Mo, Cr 
 
Although it is widely recognised that heavy metals are an ambiguous group of 
metals and metalloids, there is still a significant lack of consensus about the 
definition and the exact membership of this group of elements. Consequently, a 
number of reviews have set out to define heavy metals in different ways (Bhat and 
Khan, 2011).  Because of this lack of consensus about the definition of heavy metals, 
they will be defined in this paper as:  any metal (or its ion), emitted from any source, 
that has been shown to have either a negative ecological impact or negative impact 
on human wellbeing and will typically have its release into the environment 
controlled by either agreement or legislation.  One advantage of this definition is 
that it covers most metals that could be considered members of the heavy metals 
group. 
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The sources of heavy metals in the environment have been broadly accepted to 
be either lithogenic (natural in origin) or anthropogenic (a product of human 
activity).  Thus, in an urban environment, the major sources of anthropogenic 
pollution are industrial discharges (Ahdy and Youssef, 2011; De Wolf et al., 2000; 
Liu et al., 2005; Mitra et al., 2012; Suh et al., 2004; Tang et al., 2010); storm water 
runoff (Birch and Taylor, 1999; Mitra et al., 2012) and vehicle emissions (Ahdy and 
Youssef, 2011; Kim et al., 1998; Li et al., 2001; Suh et al., 2004; Wright and Mason, 
1999) while lithogenic sources include geological weathering due to exposure to 
water (Ahdy and Youssef, 2011; Kim et al., 1998; Wilber and Hunter, 1979); 
volcanic activity (Ahdy and Youssef, 2011); decomposition of plant and animal 
remains (Ahdy and Youssef, 2011; Wilber and Hunter, 1979; Wright and Mason, 
1999).  The main mechanisms of deposition of heavy metals into marine 
environments can be distilled to point source deposition, such as stormwater drains 
(Birch and Taylor, 1999; Wilber and Hunter, 1979), discharge from wastewaters 
(Deng et al., 2010a; Singh et al., 2002; Sörme and Lagerkvist, 2002; Suh et al., 
2004; Tang et al., 2010; Wright and Mason, 1999) , leachates from landfills (Ahdy 
and Youssef, 2011; Deng et al., 2010b; Wright and Mason, 1999) and direct 
discharge from industry sources (Ahdy and Youssef, 2011; Dinescu et al., 2004; 
Mitra et al., 2012; Romic and Romic, 2003; Suh et al., 2004; Tang et al., 2010).  
Atmospheric deposition (such as dust fall and precipitation) is the other major 
mechanism of heavy metal enrichment (Dinescu et al., 2004; González-Fernández et 
al., 2011; Gunawardena et al., 2012, 2013; Romic and Romic, 2003; Tang et al., 
2010; Wilber and Hunter, 1979; Wright and Mason, 1999).   This deposition of 
heavy metals into marine sediments has resulted in an increase in interest on how 
heavy metals (and other pollutants) interact with sediments 
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5.4.1 HEAVY METALS AND THEIR FATE IN SEDIMENTS 
Heavy metals undergo a number of complex interactions with sediments 
(Figure 5.1) before being sequestered into cohesive sediments (Grecco et al., 2011; 
Shilla and Dativa, 2011).  This sequestration may be useful in limiting long term 
impacts of heavy metals on marine environments (Ahdy and Youssef, 2011), but 
partitioning effects result in higher concentrations of heavy metals in the sediment 
than the accompanying water column (González-Fernández et al., 2011), which in 
turn leads to increased risk of inclusion into the food chain through benthic 
organisms. 
Another long term risk of sequestration of heavy metals into sediments is that 
long residence times (Imperato et al., 2003) and biogeochemical recycling processes 
(Liu et al., 2003) can allow for re-suspension and re-entry into the biosphere long 
after the source has been removed (Keskin, 2012; Williamson and Morrisey, 2000) 
(Figure 5.1). 
 
Figure 5.1: Fates of metals in marine and estuarine environments 
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Re-suspension of sediments in estuarine environments is of concern as 
estuarine systems have been demonstrated to show non-conservative sedimentary 
behaviour such as dilution (Chapman and Wang, 2001) and there is significant 
evidence that fine clay particles act as adsorption sites for heavy metal ions (Gómez-
Parra et al., 2000).  Once adsorbed to fine clay particles, heavy metal ion behaviour 
is then controlled by the chemical and physical properties of the water column in 
which they are dispersed. 
The major physical properties that control the dispersion and dilution of heavy 
metals in estuarine environments include biotic assimilation and excretion (Chapman 
and Wang, 2001; Romic and Romic, 2003) and inclusion into the food chain (Romic 
and Romic, 2003) which subsequently results in bioaccumulation and toxicity.  One 
important controlling factor of biotic accumulation and excretion is the impact of 
microbial activity (Liu et al., 2011), which can enhance bioavailability and promote 
bioaccumulation.  Dilution of heavy metals in marine estuarine environments is a 
vital link in the sequestration of heavy metals in sediments.  This is because many 
heavy metals adsorb to clay particles (<63 µm) (Binning and Baird, 2001; Tam and 
Wong, 2000; Wilber and Hunter, 1979), with a strong correlation between 
decreasing particle size (increased surface area) and increasing adsorption (Riba et 
al., 2002).  Assuming that there are no changes to the conditions under which 
sedimentation occurred, these particles settle in areas of low flow energy (Grecco et 
al., 2011).  In addition to sorption to fine clay particles, organic carbon content 
distribution affects heavy metals distribution (Baptista Neto et al., 2000). 
The widely accepted explanation for the correlation of heavy metal 
concentrations  with organic carbon is chelation by organic matter to immobilise 
heavy metals before flocculation and precipitation (Kumar et al., 2010; Shilla and 
Dativa, 2011).   In addition to the chelation effect of organic matter, scavenging of 
heavy metal ions by clay minerals is dependent on the adsorption of heavy metal 
ions to iron and manganese hydroxides and oxides, whose areas of negative dipoles 
provide active sorption sites for heavy metal ions (Singh et al., 2002; Wilber and 
Hunter, 1979). 
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Chemical factors controlling the sequestration of heavy metals in estuarine 
environments include chemical properties of the water body, such as pH, 
temperature, salinity and redox potential of the system (Che et al., 2003).  These 
factors can have major effects on processes such as adsorption and desorption 
(Chapman and Wang, 2001), as well as chelation, coagulation, flocculation; 
precipitation and sedimentation (Chapman and Wang, 2001; Che et al., 2003; Liu et 
al., 2011). 
5.4.2 METHODS OF ASSESSING THE AVAILABILITY OF HEAVY METALS IN 
CONTAMINATED SEDIMENTS 
A method for extracting the concentrations of the elements of interest is 
required before a sediment quality index to a sample (or set of samples) can be 
applied.  There are a number of methods for determining the concentrations of heavy 
metals in sediment samples which cover a range of techniques and objectives. 
The first method for determining heavy metal concentrations is to measure the 
total metal concentrations.  This can be done in a number of ways, ranging from 
aqua regia digestions (the use of a hot solution of nitric acid and hydrochloric acid at 
90 °C to solubilise elements not in the silicate lattice of minerals) to hydrofluoric and 
hydrofluoric/peroxide/hypochloric acid digestions at elevated temperatures to break 
down the silicate crystal lattice and accurately determine the total metal 
concentrations (Baptista Neto et al., 2000; Cox and Preda, 2005; Jones and Turki, 
1997; Martin et al., 1987; Preda and Cox, 2001; Preda and Cox, 2002) and the use of 
microwave extraction methods (Tam and Wong, 2000). 
The use of acids such as aqua regia, hydrofluoric acid and strong oxidising 
agents such as hydrogen peroxide to extract metals from sediment samples is limited 
by their abilities to break down the silicate lattice and the risk factors of using such 
harsh chemical methods.  One method that can be used to obtain the trace metal 
concentrations without the use of harsh chemical extraction techniques is to use X-
ray fluorescence (XRF), which is a non-destructive analytical method that relies on 
characteristic X-rays emitted by elements when they are excited by X-ray radiation. 
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X-ray fluorescence has advantages over other chemical techniques.  However, 
the use of total metal concentrations to evaluate sediment quality is a simplistic and 
unrealistic method of determining bioavailable metals concentrations (Ahdy and 
Youssef, 2011; Lee et al., 2012; Shikazono et al., 2012; Shilla and Dativa, 2011) as 
they do not take into consideration potential toxicity or environmental impact 
(Beltrán et al., 2010). 
The major limitation in the use of total metal concentrations is that this method 
does not take into account the fact that heavy metals, such as chromium, may only be 
toxic in certain chemical forms (Zhong et al., 2011).  Because of this limitation, it is 
important to identify not only what metals are present in sediments, but also the 
chemical species in which they are present, in order to develop an accurate 
understanding of the impact that they have on the sediments (Sundaray et al., 2011; 
Zhong et al., 2011). 
A number of sequential extraction methods are available to identify the 
sediment fraction that metals are present in (Chapman and Wang, 2001).  The most 
commonly used method is that developed by Tessier, Cambell and Bisson (Tessier et 
al., 1979) (commonly referred to as Tessier’s method) and then adapted by others 
(Albores et al., 2000; Ruiz, 2001).  Many of these modified Tessier methods 
examine fractions such as the weakly-bound acid-soluble fractions (the chlorides and 
carbonates), the REDOX available fractions (the reductive and oxidative fractions) 
and the residual fraction (the mineral lattice). 
Tessier’s method, (Tessier et al., 1979) examines five fractions to assess the 
overall sediment concentrations of heavy metals.  This method is reliable because it 
examines the different fractions of sediment that can contain heavy metals and 
extract the heavy metals from each fraction separately, allowing the development of 
an accurate picture of the heavy metals loadings in a sediment sample. 
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Although the Tessier, Campbell and Bisson method has become the most 
widely used method for sequential extractions for heavy metals in sediments, there 
are a number of criticisms that have been noted with the underlying chemical 
approaches.  For example, the extraction of the exchangeable metals (those bound to 
clay particles) uses magnesium chloride and has been noted to be susceptible to 
changes in the ionic strength of the extractant. This can be disrupted by re-adsorption 
of heavy metal ions to clay particles during the extraction or the precipitation of 
heavy metals as oxides and hydroxides if the solution is too alkaline (Martin et al., 
1987). 
The oxide fraction is the last of the common anthropogenic sources of heavy 
metals identified by Tessier et al. (1979) and this extraction step relies on reduction 
at elevated temperatures to reduce the heavy metals from oxides and hydroxides to 
their ionic forms.  A major limitation of this step is that this reduction also 
solubilises the manganese and iron hydroxides that are naturally occurring in clays 
and this can lead to the erroneous conclusion that these elements have an 
anthropogenic source.  It has been suggested that it would be appropriate to perform 
the reducible extraction in two steps; the reducible and moderately reducible to 
resolve this issue (Martin et al., 1987). 
The major issue with using a sequential extraction method is that it does not 
necessarily identify the bioavailable heavy metals in a sample.  A number of other 
options exist.  Among these, the use of dilute hydrochloric acid to both desorb (via 
ion exchange) and break down metal carbonate has been suggested for rapidly 
identifying the bioavailable heavy metals present in a sample (Hu et al., 2011).  The 
use of a such a simple method for the determination of heavy metals has merit as it 
examines the heavy metals that are available in the chloride (or adsorbed) phase, the 
carbonate phase and those elements that are weakly-bound (or reactive) to 
hydroxides.  These elements are considered to be the most likely to react to changes 
in water conditions. 
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Another available method for the estimation of bioavailability is the 
determination of simultaneous extractable metals -acid volatile sulphides (SEM-
AVS) (Casas and Crecelius, 1994; De Jonge et al., 2010; Di Toro et al., 1992; Di 
Toro et al., 1990).  These methods rely on identifying what metals can be extracted 
from a sediment using weak acid digestion (typically 1 M HCl) and then determining 
which metal sulphides are less soluble than iron sulphide.  The major advantage of 
using these methods is that they allow the determination of metals that are not 
precipitated as sulphides and are therefore bioavailable.  It is noteworthy that the 
current Australian sediment quality guidelines (Simpson et al., 2005) use 
sequentially extractable metals -acid volatile sulphides as one of the methods for 
determining sediment quality. 
Generally, small benthic organisms are used to examine the bioavailability and 
toxicity of heavy metals to organisms (Bryan, 1971; Ofiara and Seneca, 2006).  
Several studies have used biotic indicators as water body and sediment quality 
indicators (Abal and Dennison, 1996; Jones et al., 2001; Ofiara and Seneca, 2006; 
Pantus and Dennison, 2005; Park et al., 2010; Riosmena-Rodríguez et al., 2010).  
The use of biological monitoring has also been identified in the Australian sediment 
quality guidelines as a useful tool for the determination of heavy metals 
contamination (Simpson et al., 2005) through the use of benthic organisms.  The 
major advantage of bioavailability testing is that it assesses the metals that are 
available to benthic organisms and are therefore available to the rest of the food 
chain (Abdolahpur Monikh et al., 2013; Ali et al., 2011; Blasco et al., 1999; Park et 
al., 2010; Soto et al., 1995).  However, the major disadvantages of the use of benthic 
organisms for sediment quality monitoring include the facts that the testing takes 
time as the organisms need to be cultivated, and some benthic organisms adapt to 
high concentrations of some metals better than other species, which can lead to an 
inaccurate assessment of sediment toxicity. 
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5.4.3 METHODS FOR ASSESSING HEAVY METAL CONTAMINATION 
A large number of single and multi-element methods are available for 
assessing heavy metal contamination in sediments.  These indices generally strive to 
provide a qualification of contamination rather than a quantification of 
contamination due to a number of factors.  The most important factor is that it is 
generally very difficult to determine what the original composition of the sediment 
was in terms of the elements of interest, unless historical data is available and this 
tends not to be the case.  Also of concern is that if there is no historical data, then 
there is a requirement for an analogue of non-contaminated sediment.  This implies 
sampling from a site outside of the contaminated area. This raises issues of 
accounting for sedimentary and lithogenic inputs of heavy metals.   
Several studies have identified the average crustal elemental composition for 
continents (de Caritat and Cooper, 2011; Gao et al., 1998; Hans Wedepohl, 1995) as 
well as the average composition of specific sedimentary rocks, such as shales (Dung 
et al., 2013).  Such studies effectively provide an analogue of unpolluted and 
historical sediments, although these analogues are not specific to the catchment of 
interest, which is a limitation. 
Single and multiple element contamination indices can be used to qualify the 
quality of marine sediments.  The simplest and most direct method of qualifying 
sediment quality is to use a contamination factor (Equation 1), which provides a ratio 
between an element at the sampling site and the same element at a background site 
(some examples are listed later). 
CF =
Csite
CBackground
      (1) 
Although the contamination factor is easily determined and provides 
information about how an element has been concentrated between the site of interest 
and a background site, it does not take into consideration lithogenic and sedimentary 
inputs of the element of interest.  This could be a source of error when estuarine 
environments are considered, as they are areas of intense sedimentation with 
significant input from terrestrial waterways. 
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Geoaccumulation indices (Equation 2) were proposed by Muller (1969) in 
describing metal accumulation in the sediments of the Danube River.  To minimise 
the impact of lithogenic enrichment and enrichment caused by sediment inputs from 
multiple sources, the background concentration of the element of interest is 
multiplied by 1.5.  The primary advantage of geoaccumulation indices in the 
qualification of sediments is that Muller (1969) identified six classes of 
contamination in sediments (Table 5.2) which can be used to qualify the 
contamination of an index by any particular element. 
Igeo = log (
Cx
1.5×Bx
)        (2) 
 
Table 5.2 Sediment quality thresholds for the geoaccumulation index,  
enrichment factors and Hakanson's modified degree of contamination indices 
Class Qualification of sediment Igeo
a
 
(Muller, 
1969) 
EF Value
b
 
(Qingjie et 
al., 2008) 
mCd Value
c
 
(Hakanson, 
1980) 
0 Unpolluted ≤ 0 EF < 1 mCd < 1.5 
1 Slightly polluted 0-1 1  < EF < 3 1.5  < mCd < 2 
2 Moderately polluted 1-2 3 < EF < 5 2 < mCd < 4 
3 From moderately polluted to 
strongly polluted 
2-3 5 < EF < 10 4 < mCd < 8 
4 Strongly polluted 3-4 10 < EF < 25 8 < mCd < 16 
5 From strongly polluted to 
extremely polluted 
4-5 25 < EF < 50 16 < mCd < 32 
6 Extremely polluted ≥ 5 EF > 50 mCd > 32 
a
Equation 2 
b
Equation 3 
c
Equation 4 
 
Geoaccumulation indices are logarithmic, and this implies that they would be 
best used to qualify sediments that have significant enrichment due to major 
urbanisation or industrialisation; this in turn reduces their sensitivity to minor 
contamination.  In addition, the multiplication of the background concentration of 
the element of interest by a factor of 1.5 appears to be arbitrary and does not take 
into account situations where a large number of sediments interact in a complex 
manner (such as in estuarine environments) and the processes that may be occurring 
(some examples will be given later). 
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In order to negate the effect of terrestrial sedimentary input, it is possible to use 
Enrichment Factors (Equation 3) to standardise the impact of terrestrial inputs by 
normalising the element of interest against an element that has no anthropogenic 
source, such as aluminium (Qingjie et al., 2008). 
EF =
(
Cx
Cref
)
Sample
(
Cx
Cref
)
Background 
       (3) 
The advantage provided by normalisation against an element is that non-
conservative sediment behaviour (such as concentration rather than dilution) is 
accounted for by the ratio of the element of interest against the normalising element.  
Normalisation using an element that has no anthropogenic source or is present in 
high enough concentrations that anthropogenic sources have little effect is that 
natural variations in the sediment are minimised, resulting in the enrichment factors 
ideally identifying anthropogenic pollution sources. 
Enrichment Factors can be used to qualify sediment quality (Table 5.2) and it 
is generally accepted that an Enrichment Factor greater than one indicates an 
anthropogenic source of the element of interest (Çevik et al., 2009). 
Although Enrichment Factors, have found significant use in the past for 
assessing sediment contamination (Çevik et al., 2009; Kaushik et al., 2009; 
Pengthamkeerati et al., 2013; Qingjie et al., 2008; Thuong et al., 2013), they can be 
limited by the choice of the normalising element.  For example, aluminium is often 
used as a normalising element as it is recognised as an element without an 
anthropogenic source (Qingjie et al., 2008).  The use of aluminium in urban and 
industrial areas has the potential to be misleading as acidification of soils from 
anthropogenic sources has been linked to mobilised aluminium (Driscoll et al., 
2001).  However, the chemistry of aluminium in the environment is poorly 
understood, with little work available on the environmental behaviour and toxicity of 
anthropogenic aluminium (Klöppel et al., 1997; Krewski et al., 2007). 
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Sediments that are naturally aluminium poor, such as sands (which are 
essentially silicates) can result in elevated Enrichment Factors when compared 
against terrestrial sediment sources.  The same issues can be encountered with iron 
(Fe), which is a major clay element that may be significantly enriched or depleted 
due to sediment sources and industrial contamination.  A similar argument can be 
made for other major sediment elements (Qingjie et al., 2008) such as manganese 
(Mn), titanium (Ti) and Vanadium (V).  Silicon is not a viable normalising element 
due to the stable nature of the silicate lattice of many minerals and the difficulty in 
dissolving the silicate lattice using extreme acid digestions (such as HF).  In 
addition, the large variability in the silicon concentration of sediments can also be a 
limiting factor. 
The high variability of sediments can also be a limiting factor in using trace 
elements to normalise heavy metal concentrations and calculating Enrichment 
Factors.  For example, tantalum (Ta) and other ultra-trace metals have been 
considered as normalising elements in calculating Enrichment Factors 
(Pengthamkeerati et al., 2013; Thuong et al., 2013).  However, they are not widely 
used because the use of normalising elements is dependent on estuarine sediments 
exhibiting conservative behaviour (such as simple dilution), which may not always 
be the case as re-suspension of sediment can occur (Chapman and Wang, 2001). 
Although a number of single element pollution indices are available, there are 
a number of limitations to their use.  The most obvious limitation is that they are 
only applicable to a single element, which means that they do not take into 
consideration the complex nature of heavy metal contamination in urban and 
industrial environments, where a number of contaminants are present together.  
There are also issues in accounting for the background concentrations and the 
complex, non-conservative behaviour of sediments. 
Limitations with single element pollution indices have led to the development 
of multiple element indices which have been presented in the research literature to 
assess sediment quality.  The two most common multiple element indices are the 
modified contamination index developed by Hakanson (1980) and more recently, the 
Nemerow Pollution Index (Nemerow, 1991), which is becoming more widely 
accepted. 
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Hakanson’s modified degree of contamination index (mCd) (Hakanson, 1980) 
uses a suite of elements to take a more integrated look at the contamination of a site 
by heavy metals (Equation 4).  By using the contamination factors (CF, Equation 1) 
for individual sites and taking their average (dividing by the number of elements, n), 
it is possible to easily qualify the quality of sediment based on a number of elements 
(as evident in Table 5.2) (Abrahim and Parker, 2008). 
mCd =
∑ Cfini=1
n
       (4) 
 
Using a suite of elements is a good starting point for assessing the 
contamination of sediments.  However, the modified degree of contamination index 
is slightly skewed when one element is heavily contaminated.  This is because the 
contribution of one element is averaged over the suite of elements and the impact of 
this element is then reduced to the average impact of all of the elements across the 
sediment.  An example would be the comprehensive contamination by an element 
such as mercury in sediment that is otherwise pristine. The sediment could be toxic 
to all organisms, but the mCd index could indicate that the sediment has a low degree 
of contamination. 
One approach to overcome the problems identified with the modified degree of 
contamination index is to use the Nemerow Pollution Index (PI) (Nemerow, 1991) to 
indicate the quality of sediment.  The index is similar to the modified degree of 
contamination index in that it uses the average of the contamination factors (see 
Equation 1) (CFaverage) of a suite of elements. However, it also takes into 
consideration the impact of contamination of one element by using the maximum 
contamination factor (CFmax) to develop a weighted average according to Equation 5.  
By using a weighted average, the Nemerow Pollution Index allows the qualification 
of sediment quality that is much more considerate of the effect of a single element. 
PI = √
(CFaverage)
2
+(CFmax)2
2
     (5) 
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The Nemerow Pollution Index also uses much lower trigger points (Table 5.3) 
than the modified degree of contamination index, with a value greater than 3 
indicating that the sediment of interest is heavily contaminated.   
The Nemerow Pollution Index has some disadvantages in that it uses 
contamination factors, which are limited by not accounting for the behaviour of 
sediments within estuaries and the possibilities of multiple sediment sources.  
However, the use of the Nemerow Pollution Index has been considered to be the 
most comprehensive method of assessing sediment quality.  For this reason, the 
Nemerow Pollution Index has been increasingly used in recent years (Cheng et al., 
2007; Guang et al., 2010; He et al., 1998; Jing, 2006; Mohammed et al., 2012; 
Nemerow, 1991; Qingjie et al., 2008; Wen-qiang, 2008). 
5.5 DEVELOPING A MODIFIED POLLUTION INDEX FOR USE IN 
ESTUARINE AND MARINE ENVIRONMENTS 
Although the Nemerow Pollution Index has been increasingly used in recent 
years, there are some limitations relating to its use.  The first limitation is that, 
compared to other pollution indices, the thresholds for the Nemerow Pollution Index 
trigger are very low, giving potential false positives for heavily contaminated 
sediments similar to the modified degree of contamination index (Equation 4), which 
can potentially result in over-reporting of contamination.  The second limitation is 
the use of contamination factors (Equation 1) to determine the index.  This does not 
consider the possibility that sediment behaviour is non-conservative in many 
estuarine environments. 
Due to these limitations, an improved method for determining the Pollution 
Index is proposed by using Enrichment Factors (Equation 3) to calculate a modified 
pollution index according to Equation 6 which would allow for the non-conservative 
behaviour of sediments due to normalisation against an element such as Al or Fe. 
MPI = √
(EFaverage)
2
+(EFmax)2
2
     (6) 
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Another advantage of using a modified Pollution Index (MPI) is that the 
sediment qualification thresholds can be adjusted to give a more accurate 
qualification of sediment that is unlikely to overstate sediment contamination.  A 
proposed set of thresholds for sediment quality is presented in Table 5.3, along with 
a comparison with the current Nemerow Pollution Index thresholds. 
 
Table 5.3 Trigger values for the Nemerow pollution indices and Modified pollution indices 
Class Sediment Qualification 
Nemerow 
Pollution Index 
(PI) (Nemerow, 
1991) 
Modified 
Pollution Index 
(MPI) 
0 Unpolluted PI < 0.7 MPI < 1 
1 Slightly Polluted 0.7 < PI < 1 1 < MPI < 2 
2 Moderately polluted 1 < PI < 2 2 < MPI < 3 
3 Moderately-heavily polluted -- 3 < MPI < 5 
4 Heavily polluted 2 < PI < 3 5 < MPI < 10 
5 Severely polluted PI > 3 10 < MPI 
 
Because the derivation of the Modified Pollution Index (MPI) is calculated 
from enrichment factors (EF), it is possible to use the EF thresholds as a basis for 
sediment quality assessment.  The advantage of using EFs to calculate thresholds is 
twofold.  First, the Enrichment Factor thresholds are well established in the literature 
and second, the use of EF thresholds gives a realistic assessment of sediment quality 
and account for complex sediment behaviour. 
5.5.1 COMPARISON OF POLLUTION INDICES FOR SELECTED STUDIES 
In the example discussed in this paper, five recent studies on heavy metals 
contamination in soils and sediments were examined and the reported concentrations 
were used to calculate Geoaccumulation indices (Table 5.4), Nemerow Pollution 
Indices and modified Pollution Indices (Table 5.5).   
  
 131 
Heavy metals in the sediments of Northern Moreton Bay, Queensland, Australia 131 
These studies included work by Cevic et al. (2009) assessing heavy metals in 
Seyhan Dam in Turkey,  Pengthamkeerati et al (2013) examining heavy metals 
contamination in the Mae Klong estuary in Thailand, Thuong et al (2013) looking at 
contamination in Hanoi, Vietnam.  Kaushik et al. (2009) examining contamination in 
the Yumana River in India and Abrahim and Parker (2008) near Auckland, New 
Zealand.  As shown by Table 5.4, there is an overlap of some of the elements 
examined in each of these studies and the levels of contamination indicated by the 
geoaccumulation indices (Table 5.4) are low for most elements, with the exception 
of Cd.   
The geoaccumulation indices (Table 5.4) tend to under-report the more 
seriously polluted sites, which is evident for the values for Ni and Cd in the study by 
Kaushik et al. (2009). In this case, the enrichment factors sediment qualification is 
high, however, the geoaccumulation index sediment quality guidelines suggest that 
the sediments are not as polluted for Ni. This is reflected by all elements in the study 
by Abrahim and Parker (2008).  This suggests that the use of geoaccumulation 
indices can under-report the contamination of a site by an element, which is of 
concern given the risk assessment approach now favoured when assessing sediment 
quality. 
 
Table 5.4 Geoaccumulation indices (Equation 4) for a range of elements  
 Element 
Study Fe Mn Ni Pb Cu Zn Cd Cr As 
Çevik et al. (2009) -0.8 -0.7 -- -- -1.8 -1.9 2.3 -0.2 -- 
Kaushik et al. (2009) -2.1 -- 2.7 -- -- -- 3.4 0.7 -- 
Pengthamkeerati et al. 
(2013) 
-1.3 -0.2 -3.1 -1.1 -2.4 -0.9 -- -- -- 
Thuong et al. (2013) -1.0 -1.3 -0.7 1.2 0.4 1.7 3.3 -0.3 2.1 
Abrahim and Parker 
(2008) 
   1.3 -1.0 0.5 -0.1   
 
In each of the studies examined, the multi-element pollution indices 
(Table 5.5) suggest that there is cause for concern, as the Nemerow Pollution Indices 
show severe enrichment, with the exception of Pengthamkeerati et al. (2013).  
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Table 5.5 Comparison of the Modified Pollution Indices 
and Nemerow Pollution Indices of elements  
Study PI
a
 MPI
b
 
Sediment 
Quality
c
 
PI MPI 
Cevic et al. (2009) 5.2 6.3 5 4 
Kaushik et al. (2009) 12 36.0 5 5 
Pengthamkeerati et al. 
(2013) 
1.1 1.7 2 1 
Thuong et al. (2013) 10.7 14.5 5 5 
Abrahim and Parker 
(2008) 
3.0 8.5 5 4 
a
Equation 5 
b
Equation 6 
c
From Table 3 
 
The Nemerow Pollution Indices all indicate severe contamination (a value 
of 3), with the exception of Pengthamkeerati et al. (2013), who reported moderate 
contamination.  The study by Kaushik et al. (2009) in particular show a high degree 
of contamination.  There are two major reasons for these high values.  The first is 
that the Nemerow Pollution Index is a weighted average rather than just the average 
contamination factor, making a higher value for the index more likely, and the 
second is that the trigger thresholds are lower than those for the other indices.  This 
makes the Nemerow Pollution Index more likely to identify high levels of 
contamination for a suite of elements.  In the context of sediment quality assessment, 
this is an advantage over the other indices, as a high value for the Nemerow 
Pollution Index is more likely to result in further examination to identify the sources 
of contamination. 
Table 5.5 above indicates that there is a difference between the two pollution 
indices, with the Modified Pollution Indices reporting equal or lower trigger values 
for sediment quality when compared to the standard Nemerow Pollution Indices for 
each of the studies.  Although the modified Pollution Indices are still high, this is 
most likely due to the high enrichment factors of some elements. 
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To further expand on this, a larger sample of studies were analysed and their 
Enrichment Factors were calculated and can be seen in Table 5.6 below.  The 
Modified Pollution Index and the average Enrichment were also calculated and the 
results demonstrate that generally, the Enrichment Factors for the studies reported 
earlier (Cevic et al., (2009) Kaushik et al., 2009; Pengthamkeerati et al., 2013; 
Thuong et al., 2013; Abrahim and Parker, 2008) show that when compared to 
Geoaccumulation indices, the Enrichment Factors tend to point towards more 
heavily polluted sediments.  This is particularly true of the work of Kaushik et al. 
(2009), who found elevated Ni and Cd, but the Igeo under-reported the extent of 
contamination.  This is also true for all elements in the study by Abrahim and Parker 
(2008), providing further evidence that the Geoaccumulation index may be limited in 
application to complex environments. 
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Table 5.6: Enrichment Factors, average EF and Modified Pollution Indices 
from a number of recently published works 
 
a
See Equation 3 
b
See Table 5.3 and Equation 6 
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When the average Enrichment Factor and the Modified Pollution Indices are 
compared against each other in Table 5.6, it is clear that the MPIs indicate greater 
overall contamination for the suites of elements studied in each paper.  This gives a 
clear indication that the use of Modified Pollution Indices is more likely to give a 
better assessment of risk than a single element index or an average of Enrichment 
Factors.  The use of an MPI provides an advantage of the Nemerow Pollution Index 
as it takes into consideration complex sediment behaviour that are likely to occur in 
marine and estuarine environments. 
5.6 CONCLUSIONS 
Estuarine environments are complex areas where a number of simultaneous 
processes occur.  These processes impact the behaviour and bioavailability of heavy 
metals suspended in water and sediments.  A number of pollution indices have been 
proposed to identify contamination by heavy metals in these environments. Many of 
these cover single and multiple elements. Some of the indices also attempt to account 
for lithogenic sources of heavy metals and changes in the background concentration 
as well as the non-conservative behaviour of sediments that frequently occur in 
estuarine environments. 
Among these sediment quality indices, the use of enrichment factors was 
determined to be the preferred single element index for assessing contamination at a 
site by a particular metal, while the Nemerow Pollution Index was identified as the 
preferred multi-element index for assessing sediment quality when a suite of 
elements are the focus.  From this, a Modified Pollution Index was developed using 
enrichment factors rather than contamination factors in order to develop an improved 
method for assessing sediment quality, that takes into consideration complex 
sediment behaviour when a suite of elements are investigated, as compared to the 
pollution indices currently used. 
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6.1 PREFACE 
The first paper identified several issues with current methods of assessing 
sediment health, including limitations with the use of current Sediment Quality 
Guidelines in use around the world. 
This paper examines the limitations in Sediment Quality Guidelines and 
proposes changes based on methodologies that are already widely available and used 
in the literature.  This proposed methodology has numerous advantages, with the 
most distinct advantage being the rapid identification of element/s of concern. 
This paper is innovative in that it suggests several simple solutions to 
limitations widely acknowledged in the literature and represents a step forward in 
preparing guidelines for assessing sediment health and risk management. 
6.1.1 CITATION 
Submitted to Environmental Toxicology and Chemistry
 147 
Heavy metals in the sediments of Northern Moreton Bay, Queensland, Australia 147 
THE CASE FOR AN INDEX-BASED APPROACH TO DEVELOPING 
DECISION TREES IN HEAVY METAL SEDIMENT QUALITY 
GUIDELINES 
James P Brady
1
, Godwin A Ayoko
1
, Wayde N Martens
1
 and Ashantha Goonetilleke
1
 
1
Queensland University of Technology, Science and Engineering Faculty, GPO Box 
2434, Brisbane, QLD, 4001, Australia 
Correspondence to: g.ayoko@qut.edu.au; phone: 61 07 3138 2586 
6.2 ABSTRACT 
The current Sediment Quality Guidelines (SQGs) for heavy metal 
contamination have significant limitations, especially in relation to location 
specificity, assessment methodologies and the size of datasets required to develop 
models. A scientifically robust methodology for developing SQCs is therefore 
proposed in this paper to provide guidance for the mitigation of sediment pollution. 
The proposed methodology, developed from the Australian Interim Sediment Quality 
Guidelines (ISQGs), is based on sediment quality indices such as Enrichment Factors 
and Nemerow Pollution Indices. A key advantage of the proposed methodology is 
that it minimises the time between the emergence of an element of concern and the 
development of a guideline for that element without introducing major changes to 
the currently available SQGs.  In addition, it can be applied to Sediment Quality 
Guidelines developed in any other location without major modification. 
6.3 KEYWORDS 
Sediment quality guidelines; Enrichment Factor; Nemerow Pollution Index; 
bioavailability assessment; heavy metals; contamination 
6.4 RUNNING TITLE 
Heavy metal sediment quality guidelines 
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6.5 INTRODUCTION 
There has been a growing concern around the world with regards to heavy 
metal pollution, and  a significant number of studies have been conducted into 
pollution by these contaminants (Beltrán et al., 2010; Deng et al., 2010a; Kaushik et 
al., 2009; Mohammed et al., 2012).  This growing concern is due, in part, to the 
critical need for guidelines that encompass an ever growing list of elements or 
contaminants of concern.   
Consequently, numerous countries, such as Canada, Hong Kong, parts of the 
United States of America and in Europe have developed Sediment Quality 
Guidelines (SQGs) to assess sediment quality and to provide frameworks for 
pollution regulation (Burton, 2002; Crane, 2003; Hubner et al., 2009; Leung et al., 
2005; MacDonald et al., 2000; Simpson et al., 2005).  Many of the SQGs developed 
for a range of contaminants, including organic and inorganic contaminants such as 
heavy metals (Ankley et al., 1996; Borgmann, 2003; Kwok et al., 2008; Lui et al., 
2014) are based on toxicological information from benthic organisms. 
They also use similar approaches, which consists of a set of triggers based on 
total metal concentrations to address heavy metal contamination.  The use of total 
metal concentrations as trigger values and the requirement for toxicity testing on 
benthic organisms hav been recognised in the literature major sources of  concern 
due to their region specificity (Hubner et al., 2009).  The similarities between the 
different SQGs developed in Hong Kong, Australia (Simpson et al., 2005), Canada 
(CCME, 1999), USA (Buchman, 2008) and some parts of Europe (McCready et al., 
2006), suggests that developing an index based approach to the SQG of a decision 
tree that removes  region specificity would represent a distinct advantage.  
Furthermore, the development of guidelines for more elements (or 
contaminants of concern) requires the acquisition of large datasets that link 
concentrations and toxicity (Ingersoll et al., 2001; Kwok et al., 2008; Leung et al., 
2005; Lui et al., 2014).  These data sets have to be developed using different 
digestion methods, which can result in different extraction efficiencies for different 
elements and can be resource intensive. In addition, the datasets can be region 
specific; this further highlights the need to accord a high priority to the development 
of a better methodology for assessing sediment contamination. 
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6.6 SEDIMENT QUALITY GUIDELINES 
Several countries are now using sediment quality guidelines based on the 
original guidelines published by the National Oceanographic and Atmospheric 
Association (NOAA), and its subsequent update in 2008 (Buchman, 2008).  From 
the original NOAA SQGs, intermediate sediment quality guidelines (ISQGs) have 
been developed in Australia (Simpson et al., 2005) and Canada (CCME, 1999).  
These ISQGs have then been adapted to suit different regions, including Hong Kong, 
Norway and England, all of which use a model similar to the Australian guidelines 
(McCready et al., 2006). 
A comparison of the available SQGs (Table 6.1) shows that there are 
considerable variations among the different guidelines and this is appropriately 
captured in the observation made by Hubner et al. (2009): “…the appropriate use of 
SQGs includes the provision that they are used solely in the region in which they 
were developed.”  This statement supports the importance of location specific nature 
of SQGs as one of the seven criteria for evaluation of the suitability of sediment 
quality guidelines.  The other criteria include environmental conditions; chemicals 
being assessed; ecological constraints (such as local benthic organisms); resilience of 
test organisms; comparability of SQGs and the manner in which SQGs are applied. 
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Table 6.1 Comparison of sediment quality guidelines for  
Australia, the United States and Canada 
Element Australia
A
 United 
States
B
 
Canada
C
 
mg/kg ISQG  
Trigger 
ISQG  
High 
T20
D
 T50 ISQG  
Trigger 
PEL
E
  
Value 
As 20 70 7.4 20 7.2 41.6 
Sb 2 25 0.63 2.4 -- -- 
Cd 1.5 10 0.38 1.4 0. 4.2 
Cr 80 370 49 141 52.3 160 
Cu 65 270 32 94 18.7 108 
Pb 50 220 30 94 30.2 112 
Hg 0.15 1 0.14 0.48 0.13 0.7 
Ni 21 52 15 47 -- -- 
Ag 1 3.7 0.23 1.1 -- -- 
Zn 200 410 94 245 124 271 
 
A
 (Simpson et al., 2005) 
B
 (Buchman, 2008) 
C
 (CCME, 1999) 
D
 Toxicity level (20% and 50% toxic effects observed) 
E
 Probable Effects Level 
 
There are three major areas of concern in the development and application of 
sediment quality guidelines that need to be borne in mind.  The first is the 
assessment of bioavailability of metals extracted; the second is the resilience of local 
benthic organisms and the third is the need for large datasets which contain toxicity 
data.  These three areas of concern are complex because of a large number of issues, 
but the impact on benthic organisms is likely to have the most significant impact on 
SQGs. 
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In terms of the effects on benthic organisms, Hubner et al. (2009) identified 
that the organisms that inhabit different geographic regions react differently to 
contaminants.  This is an important consideration as it makes sediment quality 
guidelines region specific.  To support this assertion, Hubner et al. (2009) identified 
that there are different sediment quality guidelines in Canada, the northern United 
States and California.  Hubner et al. (2009) also noted that there was a good 
correlation between SQGs and their effects on benthic organisms, and this view was 
supported by McCready et al. (2006) in their assessment of the Australian SQGs.  
However, the number of studies comparing the effects of heavy metals on benthic 
organisms is limited and further study is required (Hubner et al., 2009). 
The second area of concern with the use of SQGs is that the concentrations of 
the metals given are for total metals rather than bioavailable metals.  As Hubner et 
al. (2009) commented, this is due to the difficulties in assessing bioavailability and 
the lack of consistent methods for assessing the bioavailability of metals.  The 
variability of extraction processes used for metal analysis complicates the derivation 
of SQGs (Hinkey and Zaidi, 2007; van den Hoop et al., 1997).  For example, 
simultaneously extractable metals-acid volatile sulphides (SEM-AVS) (Allen et al., 
1993; Hinkey and Zaidi, 2007; van den Hoop et al., 1997) can be used to estimate 
bioavailable heavy metals.  This method assesses the availability of toxic metals by 
comparing the available sulphide in the sediment to the total concentrations of 
sequentially extractable metals, usually Cd, Cu, Hg, Ni, Pb and Zn.  Since sulphide 
forms insoluble precipitates with these metals, the toxicity of these elements is 
greatly reduced in sediments with high free sulphide concentrations (Allen et al., 
1993; Hinkey and Zaidi, 2007).  When the sequentially extractable metals (SEM) 
load exceeds the acid volatile sulphides (AVS) load, then there is a high probability 
that these elements will cause toxicity. 
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Sequential extraction methods, such as the Bureau Communautaire de 
Référence (BCR) method (Mossop and Davidson, 2003) and the Tessier method by 
Tessier, Campbell and Bisson (Tessier et al., 1979) assess metal mobility through 
digestion using a range of reagents to identify the fraction that the metals are in (such 
as exchangeable, carbonate, oxidisable, reducible and residual fractions).  These 
sequential methods are easily modified (Malaj et al., 2012; Romic and Romic, 2003; 
Wilber and Hunter, 1979); selective for the fraction that is being analysed (Ho et al., 
2010; Riba et al., 2002) and have been used in the past to assess potential 
environmental risk, based on the fraction of interest (Zhong et al., 2011).  Both the 
Tessier and BCR methods give equivalent results (Albores et al., 2000).  
However,the use of sequential methods have been identified as having issues of 
readsorption of metal ions between extraction steps (Whalley and Grant, 1994).  In 
particular, the use of acetate-based reagents for assessing metal mobility has been 
criticised for insufficient extraction efficiency due to issues of readsorption and 
reprecipitation (Whalley and Grant, 1994). 
The third major issue of concern is the amount of data needed to reliably 
calculate the trigger values for Sediment Quality Guidelines.  Kwok et al. (2014), in 
a recent review, noted the need for large datasets to estimate the effects of sediment 
contamination on benthic organisms.  This is supported by the work of Leung et al. 
(2005), Kwok et al. (2008) and Lui et al. (2014), with large datasets generated to 
derive SQGs.  This is a significant limitation of current requirements of SQGs 
because when new elements/compounds of concern emerge in the environment, it 
can potentially take years before enough data is collected to estimate their 
thresholds. 
As discussed elsewhere, limitations in the application of sediment quality 
guidelines are of concern for several reasons, which include the available number of 
extraction methods for weakly bound (and therefore more likely to be bioavailable) 
metals, region specificity; organism resilience and the need for large datasets to 
calculate thresholds.  These limitations act together to reduce the viability of 
sediment quality guidelines as a method of assessing contamination. 
 153 
Heavy metals in the sediments of Northern Moreton Bay, Queensland, Australia 153 
6.7 THE FUTURE OF SEDIMENT QUALITY GUIDELINES  
Considering the number of factors that constrain current sediment quality 
guidelines, significant consideration needs to be given to the development of reliable 
guidelines and policies regarding the contamination of heavy metals in estuarine and 
marine environments.  Using the Australian model as a basis for future 
developments, these considerations should include the need to examine the elements 
that are weakly bound to sediment, whether or not these elements have lithogenic or 
anthropogenic sources and their ease of use for sediment quality assessment. 
6.7.1 RECENT ADVANCEMENTS 
Recent advances in the development of sediment quality guidelines include 
using SQGs derived entirely from field-based measurements (Kwok et al., 2008; 
Leung et al., 2005; Lui et al., 2014).  Although they have had differing levels of 
success when these are compared to the ex-situ method currently used, they have 
generally progressed the field through the use of improved modelling methods.  One 
of the more novel recent advances in this respect is the use of tissue-based SQGs 
(Meador et al., 2014). Although this approach is limited by the low level of 
understanding of toxicity in complex environments such as estuaries, it has  the 
advantage of assessing risk from all sources of contaminants.   
Recent work by Warne et al. (2014) suggests a number of improvements to the 
methods used to establish Sediment Quality Guidelines for Australia and New 
Zealand, with a focus on reducing the uncertainty involved in the SQGs, primarily 
by increasing the sources of data from peer-reviewed sources to include industry and 
other sources, provided that the data satisfies specific quality guidelines.  Although 
these changes will have a beneficial impact on SQGs, they will still be limited to 
contaminants which have well-documented effects on benthic organisms.  Several 
changes to the current methods for developing sediment quality guidelines to provide 
a better risk assessment of sediments can thus be recommended. 
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6.7.2 RECOMMENDATIONS FOR IMPROVEMENT 
The first recommendation would be to move from initially using total metal 
concentrations to the use of metals that are in the most bioavailable phases.  This 
change would allow for the rapid determination of heavy metals that are likely to be 
contaminants of concern in the local environment, rather than providing total metal 
concentrations, some of which may be sequestered and not available to the 
biosphere. 
A number of methods are available to researchers for the determination of 
metal that are highly mobile and therefore most likely to be bioavailable. Most of 
these methods use dilute hydrochloric acid to extract heavy metals that are weakly 
bound to the metal-hydroxide phases, the loosely adsorbed phases and the metal 
chlorides and carbonates.  Some of these methods include the use of simultaneously 
extractable metals (in preparation for acid-volatile sulphide analysis) adopted in the 
current guidelines (Casas and Crecelius, 1994; De Jonge et al., 2010; Di Toro et al., 
1992; Di Toro et al., 1990; Simpson et al., 2005); sequential extraction methods, 
such as the Tessier method (Tessier et al., 1979) and other, less commonly used 
methods such as the European Community Bureau of Reference (BCR) 3 step 
extractions (Chapman and Wang, 2001) to identify the weakly bound metals. 
The advantage of an index-based approach to improved SQGs using weak 
extractable metal digestions is that they would focus on elements which are weakly 
bound to sediment particles and are more likely to be bioavailable (De Jonge et al., 
2010; Malo, 1977).  Changes in environmental conditions can result in changes to 
the bioavailable concentrations of metals (Li and Feng, 2012).  However, the use of 
enrichment factors accounts for this through increasing the calculated value of the 
index, which would in some situations result in triggering further investigation of the 
sampling site. 
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The second change that would provide improvement to the current sediment 
quality guidelines would be to use a relative index for assessing heavy metal 
enrichment.  The advantage that the use of an enrichment factor (Equation 1) has 
over total metal concentrations is that it would provide knowledge on anthropogenic 
enrichment.  The major advantage of using this type of method is that the application 
of guidelines would not dependent on the geographic location in terms of guideline 
value. It would therefore be possible to use a trigger value that warrants further 
investigation and benthic organisms testing.   
Furthermore, the use of enrichment factors in the sediment phases which are 
most likely to be bioavailable would allow any element, rather than the limited 
number of elements which are identified in the current Sediment Quality Guidelines, 
to be quickly assessed.To achieve this objective, enrichment Factors (EF, Equation 
1) can be easily determined using the concentration of the element of interest (Cx) 
against a reference element (Cref), which is usually aluminium, at both the sampling 
site and an uncontaminated background site (Çevik et al., 2009; Qingjie et al., 2008).  
Other elements which have been used as reference elements include iron (Fe), 
vanadium (V), manganese (Mn) and titanium (Ti) (Qingjie et al., 2008) and Rare 
Earth Elements (REE), such as tantalum (Ta) (Pengthamkeerati et al., 2013; Thuong 
et al., 2013). 
Originally developed in 1979 (Buat-Menard and Chesselet, 1979), enrichment 
factors have been increasing used in the literature for assessing heavy metal 
contamination (Abrahim and Parker, 2008; Çevik et al., 2009; Kaushik et al., 2009; 
Lewan and Maynard, 1982; Pengthamkeerati et al., 2013; Qingjie et al., 2008; Singh 
et al., 2002; Thuong et al., 2013; Yongming et al., 2006). This is because it uses a 
reference element to account for non-conservative behaviours such as high 
sedimentation which can occur in marine and estuarine environments (Chapman and 
Wang, 2001; Grecco et al., 2011; Shilla and Dativa, 2011).  More complex sediment 
behaviours such as adsorption to fine clay particles, suspension and resuspension and 
bioassimilation also occur (Baptista Neto et al., 2000; Chapman and Wang, 2001; 
Gómez-Parra et al., 2000; Romic and Romic, 2003). 
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Sediment quality is then assessed by comparing the index value against a 
trigger value (Table 6.2) and it is generally accepted that an Enrichment Factor >1 
indicates an anthropogenic source of the element of interest (Çevik et al., 2009).  
The use of Enrichment Factors also allows the qualification of sediment from non-
polluted to seriously polluted as per Table 6.2, which is in line with other techniques, 
such as Geoaccumulation Indices (Muller, 1969) and other indices. 
 
 
x
ref Sample
x
ref Background
C
C
EF
C
C
 
  
 

 
  
          (1) 
Another advantage of the use of an enrichment factor-type index is that the 
enrichment factors could be written directly into the existing sediment quality 
guidelines without creating major changes to the existing framework (Figure 6.1). 
 
Figure 6.1: Australian Sediment Quality Guidelines decision tree  
(Adapted from Simpson et al., 2005, with permission) 
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A better approach to the development of a sediment quality guideline appears 
to be the use of an index based on the Modified Pollution Index, Equation 2, which 
uses Enrichment Factors rather than a pollution index that is based on Contamination 
Factors (CF) (Equation 3), where CF is the ratio of the concentration of an element at 
the sampling site to the concentration of the same element at a background site. This 
approach has a number of advantages, namely, that as a pollution index, it allows the 
pollution of a single element to be identified and provides protocol for a multi-
element assessment of sediment quality.  Additionally, the use of Enrichment Factors 
as the basis for calculating the Modified Pollution Index the complex sediment 
behaviours found in marine environments to be accommodated and resolves some of 
the potential issues with the Nemerow Pollution Index, such as its over-sensitivity to 
minor contamination and inability to account for complex sediment behaviours 
(which is a result of the use of contamination factors).   
       (2) 
   
2 2
max
2
CF CF
PI

         (3) 
 
It is also quite straightforward to develop a range of sediment quality 
thresholds for a Modified Pollution Index by using the same trigger values as those 
used for Enrichment Factors (Table 6.2, Equation 1). 
 
Table 6.2: Enrichment Factor sediment guideline values (Qingjie et al., 2008), Nemerow Pollution 
Index triggers (Nemerow, 1991) and the proposed Modified Pollution Index trigger values 
Qualification of Sediment EF Value PI Value MPI Value 
No enrichment/pollution EF < 1 PI  < 0.7 MPI  < 1 
Minor enrichment/pollution 1  < EF < 3 0.7 < PI < 1 1  < MPI < 3 
Moderate enrichment/pollution 3 < EF < 5 1 < PI < 2 3 < MPI < 5 
Moderately severe enrichment/pollution 5 < EF < 10 2 < PI < 3 5 < MPI < 10 
Severe enrichment/pollution 10 < EF < 25 3 < PI 10 < MPI < 25 
Very Severe Enrichment/pollution 25 < EF < 50  25 < MPI < 50 
Extremely severe enrichment/pollution EF > 50  MPI > 50 
 
  
𝑀𝑃𝐼 = √
(𝐸𝐹̅̅ ̅̅ )2 + (𝐸𝐹𝑚𝑎𝑥 )2
2
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A significant advantage of the use of an index-based Sediment Quality 
Guideline is that after cross-validation of an index-based approach with benthic 
testing, the current need to test a large number of samples across a different benthic 
organisms followed by cross-validation between laboratories (Kwok et al., 2008; 
Leung et al., 2005; Lui et al., 2014; Warne et al., 2014) would not be required.  
However, the current risk-based approach to assessing sediment quality would be 
maintained. 
In addition, the use of sediment quality guidelines based on a Modified 
Pollution Index can be easily integrated into existing SQGs as the thresholds 
between non-polluted, minor and major contamination are well-defined and the use 
of these thresholds as trigger values can be easily incorporated into the current 
guidelines without major changes, as demonstrated in Figure 6.2.  This would allow 
the current approach of multiple lines of evidence to be maintained when assessing 
the risk of contaminated sediments. 
 
Figure 6.2: Proposed new decision making tree based on Modified Pollution Index 
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The use of Modified Pollution Index based sediment quality guidelines would 
provide an index-based trigger for elements that require further examination and also 
overcome the location dependent limitation of current sediment quality guidelines (in 
that they are only relevant to the areas from which they are derived).  This 
adjustment would remove limitations arising from variations in the resilience of local 
benthic fauna, rather focussing on an index value which acts as a trigger.  The use of 
a weak acid digestion to extract the elements that are most likely to be bioavailable 
in this approach means that complete digestion methods (such as aqua regia or HF 
digestion) may not be required; sediment phases which are most likely to act as both 
a sink and source of elements are considered and complex digestion protocols are not 
required. 
6.7.3 APPLICATION OF THE PROPOSED INDEX-BASED APPROACH TO SEDIMENT 
QUALITY GUIDELINES TO RECENT STUDIES IN MORETON BAY, 
QUEENSLAND, AUSTRALIA 
Several studies have been conducted by two research groups into the heavy 
metals content of Moreton Bay since 2011.  Morelli et al published one paper 
focussing on cores taken from the intertidal sediments from a range of sampling 
sites, highlighting the historical trends of metal concentrations in Moreton Bay 
(Morelli et al., 2012) and a second paper on metal contamination of intertidal 
sediments in the Moreton Bay (Morelli and Gasparon, 2014). Brady et al published 
two papers on the short-term temporal trends and bioavailability of heavy metals in 
Deception (Brady et al., 2014b) and Bramble (Brady et al., 2015) Bays, respectively.  
As evident from the maximum concentrations reported in Table 6.3, below, several 
elements, including Cr, Ni and Hg exceed the ISQG-low threshold. 
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Table 6.3: Maximum concentrations of heavy metals (in mg.kg
-1
) in recent Moreton Bay  
studies with current Australian Interim Sediment Quality Guideline trigger values 
E
le
m
en
t 
Australian 
ISQGs 
(Simpson et al., 
2005) 
Brady et 
al. (2015) 
Bramble 
Bay 
Brady et al. 
(2014b) 
Deception 
Bay 
Morelli 
et al. 
(2012)a 
Morelli and Gasparon 
(2014)b 
ISQG 
low 
ISQG 
high 
Max 
conc. 
Max conc. 
Max 
conc. 
Max 
conc. 
Background 
conc 
Al   33210 31480    
Ti   917 527    
V   73.5 57.4  117.7 104 
Cr 80 370 159.5 103.8  116 82.7 
Mn   826 888    
Fe   48180 39790    
Co   25.42 18.31  20.3 16.7 
Ni 21 52 39.21 27.36 3.9 36.2 27.2 
Cu 65 270 39.29 20.49 6.23 30.1 16.7 
Zn 200 410 121.8 111.8 23 109.6 49.4 
Ga   13.53 10.39    
As 20 70 6.43 9.34  18.5 14.4 
Cd 1.5 10 0.1153 0.0285  0.8 0.1 
Sb 2 25 0.1627 0.1300    
Te   0.07 0.06    
Ce   51.95 63.20    
Hg 0.15 1 0.4 0.2    
Tl   0.1865 0.1113    
Pb 50 220 22.46 17.31 6.47 37.7 12.3 
Th   4.305 2.846    
U   1.131 0.929    
a
 Data taken from sample core in the Pine River, sampling depth greater than 60 cm
-1
 
b
 Total metals digestion results as reported in Morelli and Gasparon (2014) 
 
As can be seen in Table 6.3, the maximum reported concentration of Cr and Ni 
were reported to exceed the Australian ISQG-Low guideline (Table 6.3) in all four 
studies, with Hg also exceeding the ISQG low guideline in the two studies reported 
by Brady et al.  It should also be noted that Morelli and Gasparon (2014) reported 
that the Moreton Bay background concentrations for Ni and Cr also exceeded the 
ISQG-Low guideline, indicating that the background concentrations of these two 
elements may be toxic and this raises issues with the applicability of those guidelines 
to the Moreton Bay area. 
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The enrichment factors reported in these studies can be found in Table 6.4 
(below).  According to Table 6.4, the maximum enrichment factors indicate that in 
the studies by Brady et al, Cr is an element of concern (EFs of 5.6 and 5.3, because it 
showed moderately severe enrichment) while Morelli and Gasparon (2014) found 
that the Cr enrichment (EF 1.4, minor enrichment) was not of as high concern.  
These differences are explained by differences in the extraction methodologies 
(1 M HNO3 for Brady et al, while Morelli and Gasparon used EDTA extractions) 
and selection of different background sampling methods, with Brady et al taking 
background samples at other locations and Morelli and Gasparon using Cr 
concentrations from the bottom of the sample cores. 
In contrast, the Cd concentration reported by Morelli and Gasparon (2014) (0.8 
mg.kg
-1
) was below the Australian ISQG-Low threshold (1.5 mg.kg
-1
), while the 
enrichment (EF 8, moderately severe enrichment) indicates that further investigation 
of the Cd sources is required.  The work of Brady et al indicates that the enrichment 
of Te and Hg in Deception Bay (Brady et al., 2014b) is extremely concerning, whilst 
only the enrichment of Hg in Bramble Bay (Brady et al., 2015) is of major concern.   
This trend continued across a number of elements, including those (such as Tl) 
that do not have a current Australian ISQG.  The use of an index-based SQG 
decision tree would identify these elements as emerging contaminants of concern, 
whilst the traditional method of developing SQGs, used by Simpson et al. (2005) 
would take considerable time to develop a guideline concentration for these 
elements. 
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Table 6.4: Enrichment Factors for recent studies in Moreton Bay 
E
le
m
en
t Max EF 
Deception Bay 
(Brady et al., 
2014b) 
Max EF 
Bramble Bay 
(Brady et al., 
2015) 
Max EF 
(Morelli et 
al., 2012) 
Max EF 
(Morelli and 
Gasparon, 
2014) 
V 0.7 1.5  1.1 
Cr 5.6 5.3  1.4 
Co 1.1 2.0  1.2 
Ni 1.3 1.4 1.2 1.3 
Cu 0.8 2.3 1.7 1.8 
Zn 2.8 1.8 1.5 2.2 
Ga 2.5 1.0   
As 6.7 4.1  1.3 
Cd 1.6 1.2 1.5 8.0 
Sb 2.5 3.8   
Te 549 1.2   
Ce 9.3 1.6   
Hg 717 73.8   
Tl 6.7 2.4   
Pb 6.3 3.0 1.5 3.1 
Th 5.6 1.5   
U 13.4 2.9   
MPI 510.0 52.4 1.6 5.9 
 
Generally, it can be seen from the comparison of the concentrations of 
elements to current Australian ISQGs and their enrichment that a concentration 
based approach to sediment quality can have limited value.  While the enrichment 
factors (and modified pollution indices, which are derived from EFs, see equation 3) 
generate a list of elements whose enrichment requires further investigation. 
6.7.4 LIMITATIONS TO THE PROPOSED METHODOLOGY 
The major disadvantage of using an index-based sediment quality guideline is 
that for every area where samples are taken, a number of background samples needs 
to be taken as well in order to define the enrichment of a sample.  This is because, 
although the average concentrations of elements for the Earth’s crust are well 
defined (de Caritat and Cooper, 2011; Dung et al., 2013; Gao et al., 1998; Hans 
Wedepohl, 1995), the loosely bound elements are not well defined and would differ 
from location to location.  While this increases the sampling and analysis burden, it 
is advantageous to sample background sites in the catchment of the sampling area as 
this will assist in source identification if significant pollution is noted. 
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In areas of significant urbanisation, the use of a watershed sample (sediment 
taken from the headwaters of a waterway) may not be feasible.  One option that 
could be considered would be to take a sample from several meters underground as a 
surrogate for a background sample.  This would have the advantage of providing 
information about the historical composition of the sediment in the area, assuming 
that there have not been major changes to sediment composition over time.  Another 
option for consideration would be to build upon the work done in understanding the 
average crustal composition (de Caritat and Cooper, 2011; Dung et al., 2013; Gao et 
al., 1998; Hans Wedepohl, 1995) and ascertain the weakly bound metals from a set 
of similar samples.  However, this approach would require considerable effort and 
sampling to achieve. 
The other possible disadvantage of the index-based sediment quality guideline 
may manifest when the background concentration of an element is very low (or the 
element is not detected) while the concentration at the sampling site is high. This can 
lead to very large enrichment factors (see Te and Hg in Table 6.4 as an example).  In 
such cases, it is possible for the enrichment factors to be artificially inflated, 
resulting in unnecessary further investigation to ascertain toxicity. 
6.8 CONCLUSIONS 
Sediment quality guidelines have been developed for use in numerous areas, 
most of which have been derived from sediment quality guidelines initially prepared 
for areas of the United States.  These sediment quality guidelines tend to be region-
specific and their application outside the suggested region may lead to inaccurate 
assessment of the sediment quality due to local environment characteristics, 
including changes in toxicology between benthic organisms.  Current SQGs are also 
cover only a few elements/chemicals of concern due to the large datasets required for 
validation. 
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Despite these limitations, the current sediment quality guidelines provide a 
good starting point for the development of improved guidelines.  In this paper, it is 
suggested that the use of a sediment quality guideline based on a Modified Pollution 
Index (MPI) calculated from elements solubilised by treatment with a weak acid 
solution (such as 1 M HCl) may be the most appropriate, as it provides a 
comprehensive, multiple element assessment of sediment quality in the fractions that 
are most likely to be bioavailable. These values can be easily calculated and can be 
applied to provide an assessment of the risk without the need for the acquisition of 
large datasets. 
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7.1 PREFACE 
This paper is a follow on study from the first study (Enrichment, distribution 
and sources of heavy metals in the sediments of Deception Bay, Queensland, 
Australia, Chapter 4) and uses the same set of sampling sites to perform a study of 
the fractionation and temporal trends in the heavy metals content of Deception Bay.  
This work also performs the first source apportionment of heavy metals in Deception 
Bay, identifying three sources of heavy metals. 
This is the first study on the sediments of Deception Bay that applies source 
apportionment to identify and quantify sources of pollution in Deception Bay.  This 
is also the first work to provide fraction analysis, which is a significant contribution 
to the knowledge of heavy metal pollution in Deception Bay. 
7.1.1 CITATION 
Brady, J.P., Ayoko, G.A., Martens, W.N., Goonetilleke, A., 2014. Temporal 
trends and bioavailability assessment of heavy metals in the sediments of Deception 
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7.2 ABSTRACT 
Thirteen sites in Deception Bay, Queensland, Australia were sampled three 
times over a period of 7 months and assessed for contamination by a range of heavy 
metals, primarily As, Cd, Cr, Cu, Pb and Hg.  Fraction analysis, enrichment factors 
and Principal Components Analysis-Absolute Principal Component Scores (PCA-
APCS) analysis were conducted in order to identify the potential bioavailability of 
these elements of concern and their sources.  Hg and Te were identified as the 
elements of highest enrichment in Deception Bay while marine sediments, shipping 
and antifouling agents were identified as the sources of the Weak acid Extractable 
Metals (WE-M), with antifouling agents showing long residence time for mercury 
contamination.  This has significant implications for the future of monitoring and 
regulation of heavy metal contamination within Deception Bay. 
7.3 KEYWORDS 
Heavy metal pollution, Heavy metal enrichment, Heavy metal distribution, 
Deception Bay, fraction analysis, source apportionment 
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7.4 INTRODUCTION 
Contamination of marine sediments by heavy metals (in particular, toxic 
metals) is a growing concern due to their toxic effects on local fauna and flora (Che 
et al., 2003; Liu et al., 2003).  Marine sediments act as a sink for heavy metals, 
concentrating them and acting as a filter through precipitation and sequestration 
(Grecco et al., 2011; Nicholson et al., 2003; Satpathy et al., 2012).  In addition to 
acting as heavy metal sinks, a number of simultaneous processes, including re-
suspension and bioturbation, occur in marine and estuarine environments which can 
make them available for uptake into the biosphere (Birch and Taylor, 1999; 
González-Fernández et al., 2011). 
Deception Bay (27°8’S, 153°6’E) is the northernmost embayment within 
Moreton Bay (27°15’S, 153°15’E), Queensland and is bordered to the north by 
Bribie Island, to the south by the Redcliffe Peninsular and to the west by Deception 
Bay.  The area receives water inputs from the Caboolture River and Pumicestone 
Passage, with the Caboolture River being the major terrestrial sediment input 
(Dennison and Abal, 1999).  Mineral sands flowing up the coast of Queensland flow 
into Deception Bay through the Northern Passage in Moreton Bay, acting as a source 
of elements such as Th and U (Arogunjo et al., 2009). 
There are significant possible metal sources at Deception Bay, including two 
shipyards, an anchorage within the mouth of the Caboolture River, as well as a 
Marina with an associated fishing fleet within Pumicestone Passage.  The Caboolture 
region which drains into the Caboolture River and into Deception Bay has undergone 
exponential growth since the 1980s, with an influx of population resulting in 
increase in vehicular traffic and light industry. 
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Elements which are more likely to be bioavailable should be the focus of 
sediment risk assessment. However, it is more common in research to identify Total 
Metals (T-M), Total Recoverable Metals (TR-M) or to do a complete fraction 
analysis using the Tessier or BCR (Community Bureau of Reference) methods 
(Baptista Neto et al., 2000; Cox and Preda, 2005; Jones and Turki, 1997; Martin et 
al., 1987; Preda and Cox, 2001; Preda and Cox, 2002). Total Metals and Total 
Recoverable Metals methods tend to rely on harsh reagents such as hydrofluoric acid 
(HF) or Aqua Regia (AR) digestions which not only extract the most bioavailable 
metals but also attack the more inert minerals in the sediment (such as quartz), which 
releases metals that are not normally bioavailable, resulting in over-reporting of risk 
(Ahdy and Youssef, 2011; Lee et al., 2012; Shikazono et al., 2012; Shilla and 
Dativa, 2011). The use of sequential methods, such as the Tessier protocol (Tessier 
et al., 1979) or the BCR protocol (Cuong and Obbard, 2006) has identified chemistry 
problems, most notably re-precipitation of metals (Whalley and Grant, 1994). 
The use of Weak Acid extractable Metals (WE-M) has witnessed some use in 
the literature.  However, the use of reagent is key, as some metals (most notably Pb 
and Hg) are not soluble as chlorides (from HCl).  The use of nitric acid (HNO3) may 
lead to oxidation of metals which are not otherwise available (Agemian and Chau, 
1976; Sutherland, 2002).   
The use of chelating acids (such as EDTA) has been reported, but these 
methods have not seen widespread use because dilute HCl has been found to be more 
efficient (Malo, 1977). In some cases, the use of dilute HCl has even been  more 
efficient than the use of sequential extraction methodologies (Sutherland, 2002) in 
assessing the weakly bound elements. 
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Historically, there has been little research into heavy metal contamination in 
Moreton Bay, with the latest work being an analysis of intertidal sediment cores, 
which found that there was some enrichment of Pb, Zn, Cd and Ni in intertidal 
regions. This  finding was linked to settlement of the area (Morelli et al., 2012). The 
only other significant investigation on sediment contamination in Moreton Bay was 
undertaken in 1979 (Wallace and Moss, 1979), which examined Pb and Hg, but 
found little contamination.  Both of these studies focussed on a limited number of 
sampling sites and provided limited information about the spatial variation and 
environmental risk of heavy metal contamination in the Bay. 
7.5 EXPERIMENTAL METHODS 
7.5.1 SAMPLING 
Sampling sites were selected to achieve a systematic coverage of the sampling 
area.  The depth of the sampling sites had to be considered, as the depth of Deception 
Bay varies from less than 0.5 m at high tide around site DB5 and DB6 to more than 
10 m at other sites, which had significant impact on the efficiency of the sampling 
dredge. 
Sediment samples were taken from the sampling area (Figure 7.1) using a Van 
Veem 7.5 kg sample dredge, before being placed in cleaned plastic sampling bags 
and stored on ice.  Once the samples were in the laboratory, they were freeze-dried 
and sieved to less than 100 µm to remove coarse materials such as pebbles and 
pieces of shell prior to digestion.  Generally, the samples were fine-grained, with the 
only debris left after sieving being pieces of shell or larger rocks, which made up less 
than one percent of the total materials. 
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Figure 7.1: Deception Bay sampling site locations, with anchorages marked by arrows 
A background sample was taken from the upper reaches of the Caboolture 
River near Rocksberg at 27°6’30”S, 152°50’58”E; a second background site was 
taken from the Bongaree Jetty (27°5’2” S, 153°9’ 28”E) to account for sand coming 
from Pumicestone Passage and a third background sample was taken from Woorim 
Beach (27°5’2”S, 153°12’26”E) to account for sand entering Deception Bay from 
the north.  These samples were treated in the same way as the sediment samples.  
Previous work on the background sites identified Caboolture River as the largest 
contributor to sediment deposition in Deception Bay (Brady et al., 2014a; Hancock, 
2001a; Hancock, 2001b; Milford and Church, 1977) and this resulted in the use of 
the Caboolture River background site rather than the other two background sites, 
which had much smaller sediment contributions to the area. 
  
Anchorages
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7.5.2 SAMPLE HANDLING AND ANALYSIS 
Weak-acid Recoverable metals were digested using a method similar to that 
has been well reported in the literature (Agemian and Chau, 1976; Hu et al., 2011; 
Sutherland, 2002) by placing 0.05 g of sample into a pre-cleaned 50 cm
3
 centrifuge 
tube, and 50 cm
3
 of 1 M nitric acid (twice distilled) was added.  The samples were 
then tumbled end-over end overnight (for a minimum period of 6 hours) to ensure 
complete extraction of the weak-acid soluble fraction.  Samples were then 
centrifuged at 3500 RPM for 5 minutes and analysed using an Agilent 8800 ICP-
MS/MS. 
Total Recoverable Metals (TR-M, which recovers elements that are not bound 
within the quartz structure) digestions were completed by placing 0.05 g sample into 
a Teflon sample tube, adding 3 cm
3
 twice distilled HNO3 and 1 cm
3
 twice distilled 
HCl and 0.1 cm
3
 1000 mg/L Au standard (as a preservative for Hg).  The samples 
were then digested using a Milestone Ultrawave microwave digester by ramping to 
260 °C in 20 minutes and holding for 40 mins at 260 °C.  The samples were then 
placed into a 50 cm
3
 centrifuge tube, diluted to 50 cm
3
 using ultrapure water 
(18.2 MΩ resistivity) and centrifuged at 3000 RPM for 5 minutes before analysis 
using an Agilent 8800 series ICP-MS/MS.  This collected data is available in the 
supplementary information provided. 
7.5.3 QUALITY CONTROL 
In order to ensure the integrity of the sampling program, field and trip blanks 
were used, along with random duplicate samples (which were selected before each 
sampling run) being collected and analysed during each sampling cycle.  Reagent 
and water blanks were analysed according to NATA (2012) and US EPA 
(Anonymous, 2001) recommendations.  In addition, the CRM (Certified Reference 
Material) MESS-3 (NRC, Canada) was analysed for the elements of interest and was 
treated to the same digestion procedures as the samples, with a ratio of 1 CRM to 
every 20 samples for the WE-M digestions and 1 CRM to every 15 samples for the 
TR-M digestions. The reference material was then used to correct for instrumental 
suppression during the course of analysis. 
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There are very few available CRMs which fractionate the elements; this 
presented difficulties in assessing the efficiency of the weak acid extractable step.  
The mean, standard deviation and relative standard deviations (along with recovery) 
were determined for the reference material and tracked during the analysis to ensure 
that there were no major variations within the analysis procedure (Table 7.1).  
Generally the RSDs were lower than eleven percent, with the exceptions of Hg and 
Te which had RSDs around 40-50% which suggests that these elements are at the 
limits of their extraction and analysis.  Elements such as Ga, Te, Ce and Th did not 
have a reference value, which makes it difficult to assess the efficiency of their 
extraction processes. 
 
The WE-M recovery was compared against the work done by Townsend et al. 
(2007), who used a 4 hour extraction in 1 M HCl compared to an overnight 
extraction (~6 hours) in 1 M HNO3.  Significant differences between the recoveries 
of the two studies were found, as shown in Table 7.2.  The recoveries in this work 
were considerably higher than those of Townsend et al. (2007), with recoveries 
ranging from 1.3 times greater, up to 11 times greater than previous work.  This is a 
significant difference between the two studies and requires further investigation to 
identify if the differences in extraction efficiency are caused by the identity of the 
acid (HNO3 against HCl), extraction time (6 hours compared to 4 hours) or other 
environmental factors. 
TR-M extraction efficiency was compared against the work of Roje (2010) 
(see Table 7.2), who compared the relative efficiencies of four TR-M extractions on 
the MESS-3 standard.  When compared against the result of this study, it was 
determined that the extraction conditions Roje (2010) used, which were most similar 
to this study were: 9:1 HNO3:HCl.  Generally the recoveries were slightly elevated 
for this work, with the exception of Ti, which was lower than the work of Roje 
(2010).  Al, Sb, Hg and U had significantly higher recoveries than the work report by 
Roje, and this may be attributed to a higher extraction temperature (260 °C as 
opposed to 230 °C) and longer hold time (40 mins compared to 20 mins). 
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Table 7.1: WE-M Metal recoveries for MESS-3 sediment standard 
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Al 0.05 0.16 85900 19.1 5.4 16400 100 10.6 85900 
Ti 0.014 0.04 4400 2.8 9.2 123.2 6.1 37.2 268.4 
V 0.002 0.007 243 27.6 5.6 67 100 8.8 243 
Cr 0.003 0.009 105 24.8 5.2 26 100 8.8 105 
Mn 0.002 0.005 324 93.8 1.7 303.9 98.1 7.9 317.8 
Fe 0.038 0.12 43400 89.2 5.7 38700 100 9.3 43400 
Co 0.0003 0.001 14.4 88.2 5.6 12.7 100 8.3 14.4 
Ni 0.001 0.004 46.9 81 5.6 37.9 99.6 10.1 46.7 
Cu 0.0007 0.002 33.9 91.7 4.9 31.1 100 9.5 33.9 
Zn 0.012 0.033 159 90.6 8.2 144 100 11.1 159 
Ga 0.0003 0.0008 -- -- 10.4 -- -- 9.3 -- 
As 0.001 0.004 21.2 60.8 2.2 12.9 100 9.1 21.2 
Cd 0.00006 0.0002 0.24 91.7 10.3 0.22 104.2 14.2 0.25 
Sb 0.0002 0.0005 1.02 34.3 4.73 0.35 100 32.8 1.02 
Te 0.0002 0.0006 -- -- 53.4 -- -- 67.8 -- 
Ce 0.0009 0.002 -- -- 1.9 -- -- 10.1 -- 
Hg 0.0005 0.001 0.09 66. 7 40.5 0.06 100 39.7 0.09 
Tl 0.002 0.004 0.9 22.2 8.8 0.19 100 8 0.9 
Pb 0.0005 0.002 21.1 85.4 1.6 18 100 9.9 21.1 
Th 0.0004 0.001 -- -- 3.4 -- -- 10 -- 
U 0.0001 0.0003 4 25 3.9 1 100 11.8 4 
a: LOD: Limit of Detection for the analysis method 
b: LOQ: Limit of Quantification for the analysis method 
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Table 7.2: Comparison of this work with the work of Townsend et al. (2007)  
and Roje (2010) in their digestions of CRM MESS-3 
Element 
Expected 
(mg.kg
-1
) 
WE-M TR-M 
This study 
(mg.kg
-1
) 
Townsend et 
al. (2007) 
This study 
(mg.kg
-1
) 
Roje (2010) 
Al 85900 ± 2300 16400 ± 30 1870 ± 270 85900  ± 200 62000 ± 2800 
Ti 4400 ± 600 123.2  ± 0.2 -- 268.4  ± 0.5 509 ± 30.4 
V 243 ± 10 67  ± 0.1 27 ± 3 243  ± 0.5 213 ± 8.82 
Cr 105 ± 12 26  ± 0.05 3.3 ± 0.07 105  ± 0.2 88.9 ± 4.25 
Mn 324 ± 12 303.9  ± 0.6 179 ± 11 317.8 ± 0.6 286 ± 12.1 
Fe 43400 ± 100 38700  ± 80 9040 ± 920 43400  ± 100 36000 ± 1100 
Co 14.4 ± 2 12.7  ± 0.03 4.4 ± 0.4 14.4  ± 0.03 12.9 ± 0.36 
Ni 46.9 ± 2.2 37.9  ± 0.08 8 ± 1 46.71  ± 0.09 44.3  2.33 
Cu 33.9 ± 1.6 31.1  ± 0.06 -- 33.9  ± 0.06 29 ± 1.15 
Zn 159 ± 8 144  ± 0.3 53 ± 4 159  ± 0.3 133 ± 1.47 
Ga -- -- -- -- -- 
As 21.2 ± 1.1 12.9  ± 0.03 < 7 21.2  ± 0.04 17.7 ± 0.25 
Cd 0.24 ± 0.01 
0.22  ± 
0.0004 
0.16 ± 0.02 0.2501  ± 0.0005 0.23 ± 0.01 
Sb 1.02 ± 0.09 
0.35  ± 
0.0007 
-- 1.02  ± 0.002 0.08 ± 0.04 
Te -- -- -- -- -- 
Ce -- -- -- -- -- 
Hg 0.09 ± 0.02 
0.06  ± 
0.0001  
0.09  ± 0.0002 -- 
Tl 0.9 ± 0.06 
0.19  ± 
0.0004 
< 0.02 0.9  ± 0.002 0.75 ± 0.06 
Pb 21.1 ± 0.7 18  ± 0.04 13 ± 2 21.1  ± 0.04 19.6 ± 0.99 
Th -- -- -- -- -- 
U 4 ± 1 1  ± 0.002 0.68 ± 0.07 4  ± 0.008 1.80 ± 0.10 
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Enrichment factors (EF, Equation 1, where Cx is the concentration of the 
element of interest and Cref is the concentration of the reference element) and 
Modified Pollution indices (MPI, Equation 2), were calculated for each sampling site 
within Deception Bay.  The Modified Pollution Index is a combination of the 
Nemerow Pollution Index (PI, Equation 3, which uses Contamination Factors, CF, 
Equation 4) and Enrichment Factors and seeks to minimise the limitations of the 
Nemerow Pollution Index (namely: that it does not account for complex sediment 
behaviour).  These pollution indices were used to provide an assessment of sediment 
quality at each sampling site. 
       (1) 
 
       (2) 
 
      (3) 
 
sample
background
C
CF
C
          (4) 
 
Multivariate statistical analysis techniques used included Principal 
Components Analysis (PCA) and Principal Components Analysis-Absolute Principal 
Component Scores (PCA-APCS). 
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PCA is a method which is becoming popular in geochemical research in recent 
years due to its ability to reduce data in large datasets into a smaller number of 
Principal Components (PCs) that explain most of the variance (Yongming et al., 
2006).  As the output of PCA is usually visually presented, it is a powerful tool that 
can be used to explain groupings of elements based on their correlations to each 
other (Hu et al., 2011; Saraee et al., 2011; Thuong et al., 2013).  One of the 
important advantages of PCA is that each of the PCs show a characteristic group of 
elements that can be linked to a source.  PCA-APCS is an advanced PCA technique 
which can be used to apportion the contribution of each PC to the total 
concentrations of each element present in a sample (Mostert et al., 2012; Pekey et 
al., 2005; Retnam et al., 2013; Zhou et al., 2007a). 
Fraction analysis is a method of determining the weak acid soluble loading of a 
metal at a sampling site (Equation 5).  It can be used to assess the potential 
bioavailability of an element as it compares the weak acid soluble concentration of 
an element against its’ total concentration.  Fraction analysis was completed for V, 
Cr, Co, Ni, Zn, As, Cd, Hg, Pb and Tl for each sampling site and each set of samples, 
based on weak acid recoverable metals (WE-M) and the total recoverable metals 
(TR-M).  The resulting fractionation is shown in the boxplots below (Figure 7.2). 
%WE − M = (WE − M TR − M⁄ ) × 100    (5) 
7.6 RESULTS AND DISCUSSION 
It is evident from the boxplots that with the exception of As, Ni and V (which 
show no trends in concentration across the bay) and the concentration of Zn which is 
increasing over the sampling period that the other elements are generally decreasing 
in concentration.  This decrease in concentration is most profound for Hg, although it 
is also evident for Pb, Cu and Co.  This is suggestive of the occurrence of 
sequestration processes, with the weakly bound fractions of these elements 
decreasing over a time period where there is historically little flow into Deception 
Bay (Dennison and Abal, 1999). 
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The trends in V and Ni can be 
linked to marine traffic (Lewan, 
1984; Lewan and Maynard, 1982; 
Schirmacher et al., 1993), while 
the lack of a trend for As suggests 
that the input of this element into 
Deception Bay is keeping pace 
with any sequestration that is 
occurring.   
Enrichment factors were 
calculated for all of the elements 
in this study by comparing the 
weak acid soluble concentration 
of the element of interest against 
the total recoverable aluminium 
concentration.  Some of these 
Enrichment Factors are shown in 
Figure 7.3. 
Generally, the enrichment factors 
for the elements of interest are 
very low, usually less than 1, 
which is indicative of no 
pollution, although there is some 
enrichment for As, Pb, Tl and Ce 
as well and high enrichment of Hg 
and Te.  For Hg and Te, the 
enrichment factors are very high because the background concentrations of these two 
elements are below the method detection limit (MDL). This resulted in the use of 
one half of the MDL to calculate enrichment.  Accordingly, it can be ascertained that 
both Hg and Te in Deception Bay are entirely anthropogenic in nature and that a 
thorough investigation of the sources of these elements should be conducted. 
 
Figure 7.2: Box and whisker plots of the % weak acid 
soluble metal fractions, with outliers identified as dots 
for the sampling runs in April, June and November 2012 
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Figure 7.3: Enrichment of various elements in Deception Bay showing enrichment  
for Hg, Te, As, Pb, Tl and Ce for each of the sampling runs. 
The enrichment of the elements around site DB1, which is the mouth of the 
Caboolture River is lower than the rest of Deception Bay (excluding Tl), and this 
suggests that this area either has no pollution sources or is in a high state of sediment 
flux.  Considering the presence of a shipyard and anchorages at the mouth of the 
Caboolture River, high sediment flux is the more likely explanation for the relatively 
low enrichment of elements at site DB1. 
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Generally, the sites that have previously been identified as sandy (Brady et al., 
2014a) showed higher enrichment of weak-acid soluble metals than other sites. This 
can be attributed to lower aluminium contents of the sandy sites (Sites DB3, DB4, 
DB5, DB6, DB9 and DB11) than of the other sites.  Considerable depletion of Al can 
result in the artificial inflation of Enrichment Factors, which is an issue when using 
normalising elements which have been associated with terrestrial sediments (Qingjie 
et al., 2008).  Higher levels of enrichment at sites DB12 and DB13 can be associated 
with areas of low flow and higher sedimentation. 
From the enrichment factors, one probable source of Hg is in the Caboolture 
River, due to the high enrichment factor in the April sampling run.  Notable sources 
of Hg can include antifouling agents (Almeida et al., 2007) , boatyards (Eklund and 
Eklund, 2014) , wastewater treatment plants (da Silva Oliveira et al., 2007), as well 
as landfills (Machado et al., 2002) where fluorescent bulbs (Tunnessen et al., 1987), 
batteries and other industrial wastes containing Hg may have been disposed of.  In 
the area around the mouth of the Caboolture River there are two boatyards, a 
wastewater treatment plant and an industrial area; all of which could potentially act 
as sources of Hg in sediments.  The rapid decrease in enrichment between runs might 
be indicative of considerable sediment flux in the area, in particular high deposition 
of Hg in this area, although further work would be required to confirm this 
hypothesis. 
Te is most enriched at site DB9 in the April sampling run, with sites DB4, 
DB7 and DB11 also showing high enrichment.  Sites DB 10, DB12 and DB13 show 
a pattern of increasing enrichment that is indicative of a pool of sediment around 
sites DB12 and DB13 in which the Te is weakly bound.  This pooling also suggests 
that there is a sediment sink, and that this is the most contaminated area in Deception 
Bay.  This is supported by various studies which have modelled the circulation of 
water in Moreton Bay (Dennison and Abal, 1999; McEwan, 1998; Milford and 
Church, 1977; Moss et al., 1992) and in these studies, areas of low flow have been 
linked to areas of high sedimentation.  Further evidence of this sediment sink is the 
temporal modelling of the data by PCA-APCS (as described later below).  
Additional work in this area would provide further definitive information. 
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Figure 7.4: Modified pollution indices for Deception Bay for the 
sampling runs in April, June and November of 2012. 
The Modified pollution indices across Deception Bay (Figure 7.4) show that 
there is significant concern about many of the sites in Deception Bay.  An 
examination of the cause of the high MPI values indicates that the enrichment of Hg 
was the major contributor to the MPI (see Figure 7.3).  The MPI for site DB1 shows 
a large drop-off in contamination over the sampling time-frame.  This supports the 
hypothesis that there is a very large sediment flux across Deception Bay, which is 
most likely due to large water flow during the local wet season (October to April) 
followed by suspended sediment settling during winter (June to August) when there 
is little current flow around the bay (Dennison and Abal, 1999).  Sites DB10, DB11 
and DB12 show an initial increase in contamination, which indicates that sediment 
flow across the bay.  Site DB12 is in the southwest corner of Deception Bay and 
sites DB10 and DB11 are to the east of site DB12 and this provides evidence that site 
DB12 acts as a sediment sink.  The decrease in contamination of site DB12 in 
November 2012 is suggestive of sequestration, probably through burial due to 
sediment deposition, although further work on sedimentation in Deception Bay will 
provide a more definitive answer. 
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The Principal Component Analysis for the weakly-bound fraction (WE-M) 
found that there are three PCs which explain 87% of the total variance.  The loadings 
plot (Figure 7.5) shows several groups of metals.  The first grouping consists of Ti, 
Ni, Sb, Cu while the second grouping consists of Al, Ga, Co, Zn, Fe, Th, Tl, Mn, Ce, 
U, Pb and As. The third grouping is made up of  Hg and Te while Cr and Cd are 
isolated.  The first grouping of Ti, Ni, Sb and Cu is interesting as Ti has been linked 
to volcanic sediments in the past (Force, 1991) and fits the geological history of 
Moreton Bay (Hekel et al., 1979).  The second grouping of elements (Al, Ga, Co, 
Zn, Fe, Th, Tl, Mn, Ce, U, Pb and As) shows elements which are frequently 
identified as terrestrial sediments (Al and Fe); elements which are identified as 
marine sediments (Mn and As) (Hu et al., 2011) as well as elements which are 
commonly found in mineral sands (Th and U) (Arogunjo et al., 2009).  These point 
to a marine sedimentary source.  The grouping of Te and Hg together is unexpected 
and requires further examination.  To develop a better understanding of these 
groupings, PCA –APCS was conducted. 
 
Figure 7.5: PCA loadings plot based on the WE-M data for Deception Bay, all runs. (81.76% 
Variance explained by PC1 and PC2) 
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The application of PCA-APCS on this data shows that there are three factors of 
interest, the first factor (Figure 7.6) contains Mn, As, Ce, Fe and Co as major 
contributors, with minor amounts of Al, Ti, V, Zn, Ga, Pb, Th and U and is 
responsible for about 62% of the contribution. 
 
Figure 7.6: Factor 1 source profile for Deception Bay 
The presence of Mn and As together in Factor 1 is indicative of marine 
sediments (Hu et al., 2011) and the linkage between these two elements is supported 
by previous work which linked the co-precipitation of these two elements in the 
environment (Takamatsu et al., 1985).  Likewise, the presence of Th and U has been 
linked to mineral sands (Arogunjo et al., 2009) and this supports the finding that 
source 1 is marine sediment. 
The contributions plot for factor 1 (Figure 7.7) shows that the contribution of the 
first source is most profound at sites DB2, DB7, DB8, DB12 and DB13.  With the 
exception of DB2, which is just north of the mouth of the Caboolture River, these 
sites are around the middle or southwest corners of Deception Bay and have been 
identified as non-sandy areas where sediments are likely to settle (Brady et al., 
2014a).  
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Figure 7.7: Contributions for Source 1 for Deception Bay, showing 
contributions for all three sampling runs 
Examination of the contributions of source 1 over the three sampling runs 
shows that generally, the contributions stay relatively constant over the sampling 
timeframe, which is consistent with the association of the source with certain sites 
such as DB7 and DB8. 
The second source of metals in Deception Bay (Factor 2, Figure 7.8) has 
significant contributions from Ti, V, Cr, Co, Ni, Cu, Cd and Sb, with a minor 
contribution from Al.  This factor accounts for about 28% of the total contribution 
and the presence of Ni and V in the factor is indicative of the combustion of oils, 
which can be linked to shipping (Lewan, 1984; Lewan and Maynard, 1982; 
Schirmacher et al., 1993).  The high Cu contribution to the factor can be linked to 
antifouling paints (Moffett et al., 1997).  The Cd in this source is considered to be 
anthropogenic as there is no contribution of Zn to this source, which would be 
expected if the Cd in this source was lithogenic. 
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Figure 7.8: Factor 2 source profile for Deception Bay 
The contribution of this source to the sampling areas (Figure 7.9) shows that 
the major contributions are linked to sites DB1, DB10 and DB12.  Site DB1 is the 
mouth of the Caboolture River, which has a shipyard and anchorages in the area and 
site DB10 is on the channel leading to the Redcliffe Boat harbour.  This further 
reinforces this source as being shipping related.  Site DB12 is in the southwest 
corner of the sampling area, which is an area of low flow velocity and high 
sedimentation. 
 
Figure 7.9: Contributions for source 2 across all sampling runs 
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The third factor (Figure 7.10) shows high contributions from Cr, Te, Hg, Tl 
and U with significant contributions from Pb, Th, Cu, Zn, Ga and Al.  Cu can be 
linked to antifouling paints (Moffett et al., 1997), along with the Te, Hg, Ga and Al 
(Harada et al., 1994).  The presence of Cr can be linked to harbour sediments 
(Burton et al., 2004), and this lends support to the probability that this factor can be 
linked to antifouling agents and shipping.  Further evidence supporting Hg based 
antifouling agents is the work of Almeida et al. (2007), who noted Hg based 
antifouling agents have been used from the 1950s before being phased out around 
1990.  The presence of Te in this source can also be linked to antifouling agents 
(Harada et al., 1994), as well as alloys which use Te to minimise seawater corrosion 
(Waitkins et al., 1942). 
 
Figure 7.10: Factor 3 source profile for Deception Bay 
The contributions plot for source 3 (Figure 11) again shows that the major 
contributions are at sites DB1 (just off the mouth of the Caboolture River) and site 
DB10, which is just off the channel leading into Redcliffe Harbour.  The fact that 
both of these sites have harbours and/or shipyards nearby supports the possibility 
that source 3 is linked to antifouling agents.  Sites DB8 and DB12 are areas where 
high sedimentation is likely since  site DB8 is in the middle of Deception Bay and 
site DB12 is in the south west corner of Deception Bay, which are areas of low water 
flow between April and November. 
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Figure 7.11: Contributions plot for source 3, showing the 
contributions in each sampling run 
7.7 CONCLUSIONS 
The fraction analysis found that the weak acid soluble metals were generally 
decreasing, with the exceptions of As, Ni and V, which displayed no trend and Zn, 
which was increasing over the sampling period.  In addition, the enrichment factors 
found that with the exceptions of Te and Hg, there was only minor enrichment of 
elements across most sites.  Sites DB11, DB12 and DB13 seems to act as sediment 
sinks and the source of Hg in Deception Bay is likely to be in the areas around 
sampling site DB1 and DB10, in the area around a shipyard and anchorages.  The 
Modified Pollution Indices were most affected by the enrichment of Te and Hg in the 
samples.  The MPIs also indicated that sites DB10, DB11 and DB12 were likely to 
be a sediment sink. 
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The PCA analysis found 3 sources that accounted for 87% of the total metal 
concentrations in the samples.  The PCA-APCS allowed the first source to be 
identified as marine sediments, based on the presence of Ti, U and Th with the 
largest contribution of this source being from sites DB10, DB12 and DB13, which 
supports other evidence that there is a sediment sink in the southwest corner of 
Deception Bay.  The second source identified was attributed to shipping as indicated 
by the V and Ni contributions.  The presence of Cu, most likely from antifouling 
agents, supports this hypothesis, along with the facts that the sampling sites outside 
anchorages at sites DB1 and DB10.  The third source identified can be attributed to 
antifouling agents, both historical (Hg) and current (Cu2O and Al(SCN)3).  The 
major contributions from this source can again be linked back to shipyards and 
anchorages around sampling sites DB1 and DB10. 
Generally, the level of weak acid soluble contaminant metals in Deception Bay 
can be considered to be relatively low, with the exceptions of Hg and Te, which were 
not found at the background sampling location and represents some risk to the 
ecology of Deception Bay.  There is also some suggestion of the south west corner of 
Deception Bay being a sediment sink, based on the enrichment and PCA-APCS 
modelling.  Further in-depth analysis of this area (including the use of core sampling 
and benthic testing) would provide insight into historical trends in heavy metals 
deposition, sequestration and the risk posed by these elements. 
There are three major sources of heavy metals in Deception Bay: marine 
sediments, shipping and antifouling agents.  This suggests that the heavy marine 
traffic in Moreton Bay may be a concern that warrants further work in order to 
ensure that the contribution of marine traffic to the heavy metals load in Moreton 
Bay is minimised. 
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8.1 PREFACE 
This work applies the methodologies used in the corresponding Deception Bay 
paper (Temporal trends and bioavailability assessment of heavy metals in the 
sediments of Deception Bay, Queensland, Australia) on a series of samples taken 
between February and November 2012 from Bramble Bay, which is the next bay 
south. 
This work examines the distribution, enrichment, fractionation and source 
apportionment of the weak acid extractable metals in Bramble Bay.  The Bramble 
Bay sampling sites were found to have a different set of sediment dynamics, based 
on a more complex sedimentary input, along with significant industrial activity in the 
area, including the Port of Brisbane and a major industrial complex in the area 
around the Nudgee Creek sampling site.   
This is the first time such a comprehensive study has been performed and this 
is the first time that source apportionment has been performed in the Bramble Bay 
area, providing an important contribution to our knowledge of sources of pollution in 
Bramble Bay.  It found that although the two areas are significantly different, similar 
sources of pollution were identified in terms of Marine Sediments, Shipping related 
pollutants and pollutants related to antifouling coatings. 
8.1.1 CITATION 
Brady, J. P., Ayoko, G. A., Martens, W. N., & Goonetilleke, A. (2015).  Weak acid 
extractable metals in Bramble Bay, Queensland, Australia: Temporal behaviour, 
enrichment and source apportionment. Marine pollution bulletin 91(1) 380-388 
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8.2 ABSTRACT 
Sediment samples were taken from six sampling sites in Bramble Bay, 
Queensland, Australia between February and November in 2012. They were 
analysed for a range of heavy metals including Al, Fe, Mn, Ti, Ce, Th, U, V, Cr, Co, 
Ni, Cu, Zn, As, Cd, Sb, Te, Hg, Tl and Pb. Fraction analysis, enrichment factors and 
Principal Component Analysis –Absolute Principal Component Scores (PCA-APCS) 
were carried out in order to assess metal pollution, potential bioavailability and 
source apportionment. Cr and Ni exceeded the Australian Interim Sediment Quality 
Guidelines at some sampling sites, while Hg was found to be the most enriched 
metal. Fraction analysis identified increased weak acid soluble Hg and Cd during the 
sampling period. Source apportionment via PCA-APCS found four sources of metal 
pollution, namely, marine sediments, shipping, antifouling coatings and a mixed 
source. These sources need to be considered in any metal pollution control measure 
within Bramble Bay. 
8.3 KEYWORDS 
Heavy metal pollution; Heavy metal enrichment; Heavy metal distribution; Bramble 
Bay; Fraction analysis; Source apportionment 
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8.4 INTRODUCTION 
Pollution of the marine environments around large population centres is a 
growing concern, with heavy metals pollution one of the major issues (Beltrán et al., 
2010; Deng et al., 2010a; Kaushik et al., 2009; Mohammed et al., 2012).  As marine 
environments around major population centres are important for cultural and 
recreational activities as well as sources of food, careful control of the release of 
pollutants into these areas is essential. 
Heavy metals are a major concern with regards to marine pollution because 
they are persistent pollutants and interactions with marine biota can result in uptake 
into the food chain (Birch and Taylor, 1999; González-Fernández et al., 2011). 
Although there are numerous sources of heavy metals in the marine 
environment, the largest input around urban areas is stormwater runoff (Abrahim and 
Parker, 2008; Chapman and Wang, 2001; Herngren et al., 2005).  This high input of 
heavy metals is a concern and efforts have been made to characterise the 
contributions of metals in urban environments from various sources (Romic and 
Romic, 2003). 
Pollution of sediments by heavy metals is a complex issue, as sediments act as 
both a sink and a source of heavy metals (Grecco et al., 2011; Nicholson et al., 2003; 
Satpathy et al., 2012), with processes like sequestration removing heavy metals from 
the food chain permanently and bio-turbation allowing re-uptake (Birch and Taylor, 
1999; González-Fernández et al., 2011).  This makes it difficult to conduct a 
rigourous risk assessment of metals pollution in marine environments without first 
considering the availability of metals to marine organisms.  There are several 
methods for assessing whether or not a metal is likely to be bioavailable, including 
the use of fractionation methods, such as Tessier’s five stage extraction method 
(Tessier et al., 1979) and the BCR (Community Bureau of Reference) method 
(Rauret, 1998), both of which seek to establish in what fraction of sediment an 
element is in (such as exchangeable, carbonate and residual fractions) and how labile 
(soluble) it is.  The more labile an element is, the greater the risk of uptake by biota. 
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Sequential extraction methods can be complex due to the amount of sample 
handling required and adsorption and precipitation of metal chelates resulting in 
over- or under-reporting of the labile fractions have been reported to occur (Whalley 
and Grant, 1994).  Recently, the use of 1M mineral acids (such as HCl) has become 
common, particularly in the case of Acid Volatile Sulphide- Simultaneously 
Extractable Metals (AVS-SEM) (De Jonge et al., 2010) and have been increasingly 
recommended in Sediment Quality Guidelines, such as the Australian Interim 
Sediment Quality Guidelines (Simpson et al., 2005).  Weak Extractable Metals (WE-
M) provide several advantages over sequential extraction methods, with the most 
notable being the simplicity of the method (Malo, 1977). 
8.5 MATERIALS AND METHODS 
8.5.1 SAMPLING AREA 
Bramble Bay is a small bay bordered by the Redcliffe Peninsula, Sandgate and 
the Port of Brisbane and Brisbane Airport.  It is a subsidiary of Moreton Bay in 
Queensland, Australia (see Figure 8.1).  There are significant sediment inputs from 
the North and South Pine Rivers, as well as the Bremer and Brisbane Rivers.  There 
is also considerable industrial activity in the area, with the busy Port of Brisbane and 
the Brisbane Airport butting onto Bramble Bay.  Several industrial areas along these 
rivers flow into Bramble Bay, and a large industrial area in Redcliffe also drains into 
the mouth of the Pine Rivers. 
The primary aims of the study discussed in this paper were to examine heavy 
metal pollution in the sediments of Bramble Bay.  This included, determining the 
spatial pollution of Bramble Bay, the changes in metal concentrations over the 
extensive sampling period and the identification and modelling of sources of 
pollution. 
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Figure 8.1: Bramble Bay sampling sites (from Google Earth) 
Bramble Bay is a habitat for numerous protected species of migratory birds as 
well as dolphins and dugong (Dugong dugong).  In addition, the local seafood 
industry supplies the local Brisbane markets and exports delicacies such as Moreton 
Bay bugs (Thenus orientalis) to Sydney and Melbourne markets.  Bramble Bay is 
also a large recreational area, with numerous local fishing and boating areas for 
enjoyment by the local population. 
Six sampling sites were selected based on geographic locations within Bramble 
Bay.  These sampling sites are shown in Figure 1. Site BB1 is located at 27°15’40” 
S; 153 5’9”E, site BB2 is located near 27°16'5"S; 153° 6'16"E while site BB3 was 
located at 27°20'45"S; 153° 6'40"E.  Site BB4 was located at 27°21'31"S; 153° 
9'27"E, site BB5 was at 27°16'46"S; 153° 3'48"E and site BB6 was located at 
27°18'56"S; 153° 4'34"E. 
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8.5.2 SAMPLE HANDLING AND ANALYSIS 
Four sampling runs were conducted in February, April, June and November 
2012 in order to assess the temporal concentrations of metals within the sediments.  
Samples were collected using a Van-Veem 7.5 kg grab sampler, placed in pre-
cleaned plastic bags and stored in accordance with EPA methods (EPA method 
3050B and SW-846) for metals analysis. 
Once in the laboratory, samples were freeze-dried and 0.05 g of sample was 
added to a pre-cleaned 50 mL falcon tube and digested with 50 mL of 1 M double 
distilled nitric acid before being analysed using an Agilent 8800 ICP-MS/MS for 
Weak acid Extractable Metals content (WE-M).  The Total Recoverable Metals were 
determined by placing 0.05 g of sample into a pre-cleaned Teflon digestion tube, and 
digested in inverse aqua regia (IAR) using a Milestone Ultrawave microwave 
digester.  The samples were heated to 260°C over 20 minutes and then held at that 
temperature for 40 minutes before cooling to ensure that extraction was complete. 
8.5.3 QUALITY CONTROL AND ASSURANCE 
As part of the quality control (QC) procedure, one sample of MESS-3 Certified 
Reference Material (CRM) from National Research Council of Canada in every 20  
WE-M samples was extracted the same way as those used for WE-M extractions (see 
Table 8.1), and one CRM sample in every tray (1 in 15) was extracted for the TR-M 
samples, in accordance with NATA guidelines (NATA, 2012).  Generally, the 
recoveries were reasonable for the TR-M analyses, with the exception of Ti (which is 
not very soluble).  While Ti, Hg, Sb and Te had high relative standard deviations 
(RSDs), most likely due to the extraction approaching the limits of the TR-M 
method, Te and Hg approached the limits of the WE-M method and gave poor RSDs.  
For the WE-M analysis, there are very few available CRMs, making it very difficult 
to assess the efficiency of the recovery using fraction concentrations.  However, as 
the RSDs of the analysis of the CRMs stayed below 11% for most of the elements 
(excluding Te and Hg), it can be assumed that the efficiency of the method did not 
vary greatly during the analysis. 
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Table 8.1: Recovery Data for CRM MESS-3 
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Al 0.16 85900 100 19.1 5.4 16400 10.6 85900 
Ti 0.04 4400 6.1 2.8 9.2 123.2 37.2 268.4 
V 0.007 243 100 27.6 5.6 67 8.8 243 
Cr 0.009 105 100 24.8 5.2 26 8.8 105 
Mn 0.005 324 98.1 93.8 1.7 303.9 7.9 317.844 
Fe 0.12 43400 100 89.2 5.7 38700 9.3 43400 
Co 0.001 14.4 100 88.2 5.6 12.7 8.3 14.4 
Ni 0.004 46.9 99.6 81 5.6 37.9 10.1 46.7124 
Cu 0.002 33.9 100 91.7 4.9 31.1 9.5 33.9 
Zn 0.033 159 100 90.6 8.2 144 11.1 159 
Ga 0.0008 -- -- -- 10.4 -- 9.3 -- 
As 0.004 21.2 100 60.8 2.2 12.9 9.1 21.2 
Cd 0.0002 0.24 104.2 91.7 10.3 0.22 14.2 0.25008 
Sb 0.0005 1.02 100 34.3 4.73 0.35 32.8 1.02 
Te 0.0006 -- -- -- 53.4 -- 67.8 -- 
Ce 0.002 -- -- -- 1.9 -- 10.1 -- 
Hg 0.001 0.09 100 66. 7 40.5 0.06 39.7 0.09 
Tl 0.004 0.9 100 22.2 8.8 0.19 8 0.9 
Pb 0.002 21.1 100 85.4 1.6 18 9.9 21.1 
Th 0.001 -- -- -- 3.4 -- 10 -- 
U 0.0003 4 100 25 3.9 1 11.8 4 
a LOQ: Limit of quantification 
 
Compared against the work of Roje (2010), who used a 9:1 HNO3:HCl 
microwave assisted extraction on the MESS-3 CRM, the recoveries in this study 
were generally slightly higher.  However, the recovery of Ti was lower while Al, Sb, 
Hg and U had significantly higher recoveries.  This is potentially due to higher 
extraction temperatures (260 °C as opposed to 230 °C) and a longer hold time 
(40 mins compared to 20 mins) resulting in better extraction efficiency. 
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Compared against the work on the MESS-3 standard by Townsend et al. 
(2007); (1 M HCl over 4 hours), the recoveries of the WE-M fraction (1 M HNO3 
extracted over 6 hours) were mostly comparable, although the recoveries of this 
study varied between 1.3 to 11 times greater than Townsend et al. (2007).  These 
differences in recoveries require further investigation, as there are multiple variables 
that could be influencing the differences in recovery. 
8.6 DATA ANALYSIS 
Each site investigated (see Supporting Information) was examined to 
determine the percentage weak acid soluble metals according to Equation 1 (where 
WEx is Weak Extractable concentration, TRx is Total Recoverable concentration 
and x is the element of interest), and the Enrichment Factors (EFs, Equation 2) were 
calculated using the total recoverable Al content as the normalising element.  From 
the Enrichment Factors, a Modified Pollution Index (MPI, Equation 3) was 
calculated in order to provide a qualitative assessment of site pollution. 
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8.7 RESULTS AND DISCUSSION 
Sieving the samples identified that the sediments in Bramble Bay are mostly 
mud. With the exceptions of pieces of shells, small pebbles or debris, very little 
material did not pass through the sieve.  This is consistent with the work of Hekel et 
al. (1979), who found that the sediments of Bramble Bay were mostly mud from 
terrestrial sources. 
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The WE-M minimum and maximum concentrations across all four sampling 
runs are shown in Table 8.2 below.  These values were compared against the range 
of element concentrations found during the National Geochemical Survey conducted 
by de Caritat and Cooper (2011).  The values recorded were the means of aqua regia 
digestions of samples within South East Queensland, which is the area east of 151 °E 
and between the latitudes of 26 °S and 28 °S.  As, Cr, Pb, Th, Tl and Zn were all 
found to have higher concentrations in Bramble Bay than in the surrounding region, 
which could be due to some forms of enrichment. 
In Bramble Bay, for the elements of major concern (Pb, Hg, Cd, As, Cu, Tl and 
Cr), the maximum concentrations exceeded the low thresholds of the Interim 
Sediment Quality Guidelines (ISQG) for Cr and Ni, but remained below the ISQG 
high thresholds (see Table 8.3).   
Table 8.2: Minimum and maximum WE-M concentrations for each element in Bramble Bay, with the 
Australian Interim Sediment Quality Guidelines as a reference (Simpson et al., 2005) 
Element 
Minimum 
concentration 
(mg.kg
-1
) 
Maximum 
concentration 
(mg.kg
-1
) 
ISQG-
Low 
(mg.kg
-1
) 
ISQG-
High 
(mg.kg
-1
) 
Southeast 
Queensland* 
(mg.kg
-1
) 
Al 5900 ± 9 33210 ± 50   6000 – 39500 
Ti 128.5 ± 0.2 917 ± 1   N/A 
V 10.97 ± 0.02 73.5 ± 0.1   15- 93 
Cr 26.58 ± 0.04 159.5 ± 0.2 80 370 8.3 - 118 
Mn 126.3 ± 0.2 826 ± 1   232 - 3260 
Fe 8940 ± 10 48180 ± 80   11500 - 62800 
Co 4.455 ± 0.007 25.42 ± 0.04   3.2 – 38.6 
Ni 8.96 ± 0.01 39.21 ± 0.06 21 52 4.5 – 92.9 
Cu 3.540 ± 0.006 39.29 ± 0.06 65 270 6.3 – 55.6 
Zn 12.38 ± 0.02 121.8 ±0.2 200 410 26.4 - 100 
Ga 2.991 ± 0.005 13.53 ± 0.02   2.73 – 13.6 
As 1.450 ± 0.02 6.43 ± 0.01 20 70 0.5 – 5.7 
Cd 0.0123 ± 
0.0001 
0.1153 ± 0.0002 1.5 10 0.02 – 0.16 
Sb 0.0695 ± 
0.0001 
0.1627 ± 0.0002 2 25 0.07 – 4.35 
Te 0 0.07 ± 0.04   0.02 – 0.08 
Ce 8.64 ± 0.01 51.95 ± 0.08   16.6 – 66.6  
Hg 0.0002 ± 
0.0001 
0.41 ± 0.05 0.15 1 0.01 – 0.11 
Tl 0.0454 ± 
0.0001 
0.1865 ± 0.0003   0.06 – 0.18 
Pb 2.218 ± 0.003 22.46 ± 0.04 50 220 2.84 – 18.7 
Th 0.939 ± 0.001 4.305 ± 0.007   0.9 – 4.2 
U 0.276 ± 0.0004 1.131 ± 0.002   0.3 – 2.3 
*From de Caritat and Cooper (2011), AR digestion on < 2mm fraction. 
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Table 8.3: Cr and Ni concentrations in excess of the  
Australian ISQG-Low guidelines (Simpson et al., 2005)  
Sampling Period Sampling site Concentration (mg.kg
-1
) 
Cr Ni 
February 2012 BB1 145.5 ± 0.2  
 BB4 82.5 ± 0.1  
 BB6 159.5 ± 0.2  
April 2012 BB2  21.88 ± 0.03 
 BB4  39.22 ± 0.05 
June 2012 BB2  21.03 ± 0.03 
 BB3  24.82 ± 0.04 
 BB5  28.25 ± 0.04 
 BB6  25.42 ± 0.04 
November 2012 BB3  26.56 ± 0.04 
 BB5  24.24 ± 0.04 
 BB6  28.24 ± 0.04 
 
8.7.1 FRACTION ANALYSIS 
The fraction analysis (Figure 8.2) shows that generally for Cr, Ni, Zn and Pb 
there is little variation in the soluble fraction over all sampling runs, while Cu, Cd, 
Hg and As show a considerable spread, which indicates that there is variability in the 
sequestration of these elements.  This is likely due to changes in sediment and water 
chemistry across the sampling area over the sampling period.  These changes are 
probably due to environmental conditions, such as reduced rainfall between March 
and October resulting in limited runoff. The amount of Pb in the weak acid soluble 
fraction is of concern, as the soluble Pb is 80% of the total Pb, which means that Pb 
is potentially highly bioavailable within Bramble Bay.   
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Figure 8.2: Box and whisker plots of the weak acid soluble fraction  
of Bramble Bay sediments (dots denote outliers) 
When the data for each sampling run is compared for Cu, Cd, Hg and As, it 
can be seen that the percent weak acid soluble Cu, Hg and Cd have increased over all 
four runs, while As appears to have stabilised over the sampling timeframe.  This 
suggests that there may still be some input of Cu, Cd and Hg into Bramble Bay while 
the weak acid soluble As has stabilised to around 50% for the sampling timeframe.  
Because the average concentration of WE-M arsenic across Bramble Bay has 
increased over this timeframe from 3.7 mg.kg
-1
 to 4.6 mg.kg
-1
, this suggests that 
there is ongoing As input into Bramble Bay.  
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8.7.2 ENRICHMENT FACTORS AND MODIFIED POLLUTION INDICES 
The Enrichment Factors were calculated for V, Cr, Co, Ni, Cu, Zn, As, Cd, Sb, 
Te, Hg, Tl and Pb (Table 8.4) and they show that overall, anthropogenic enrichment 
(see Table 8.5 for sediment qualification thresholds) across some sites for V, Cr, Co, 
Ni, Cu, Cd and Te while most of the sites have minor enrichment of Zn and Pb.  Hg 
could be of concern with enrichment factors between 3 and 73 across most sites 
(Table 8.4), which suggests moderate pollution at most sites, with significant 
enrichment at others.  Arsenic is moderately enriched at a couple of sites, otherwise 
it showed little to no enrichment (Table 8.4 and Cr was found to be moderately 
enriched at the site BB1 in the February run (see Table 8.4). 
The Hg enrichment is most pronounced in the June sampling run (Table 8.4), 
with maximum enrichment at the Boat Ramp site and the enrichment spreading out 
along the coast line, with the sites farthest away from sites BB1, BB3 and sites 
showing reduced enrichment.  This indicates that the source of Hg in Bramble Bay 
may be around the site BB1.  In addition, the Hg enrichment decreases between June 
and November, which may be indicative of sequestration. 
Though the weak acid soluble As had stabilised as noted above, As enrichment 
was an ongoing phenomenon in Bramble Bay (Table 8.4) and was most noticeable 
during the February sampling run, with site BB2 showing the greatest enrichment, 
while enrichment was also relatively high at sites BB4, BB5 and BB6.  This suggests 
that the major source of As in Bramble Bay is in the area around sites BB1 and BB2 
around the southern tip of the Redcliffe Peninsula. 
The Modified Pollution Indices (Table 8.4, which uses the same thresholds as 
Enrichment Factors, Table 8.5) show that the sediment health in Bramble Bay is of 
concern, due to the high EFs of Hg in the area.  It also suggests that between the 
sampling runs in April and June of 2012, there was an enrichment of Hg at Bramble 
Bay, which is reflected by the Enrichment Factors.  The PCA-APCS model shows 
that this was associated with source 3, with the largest contribution from site BB5.  
The reduction of the MPIs between June and November also supports the conclusion 
that sequestration might have occurred within Bramble Bay over that time period. 
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Table 8.4: Enrichment Factors for selected elements (by site) in Bramble Bay 
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Table 8.5: Enrichment Factor sediment qualifications (Qingjie et al., 2008) 
Sediment qualification EF  
No enrichment EF < 1 
Minor pollution 1  < EF < 3 
Moderate pollution 3 < EF < 5 
Moderately severe pollution 5 < EF < 10 
Severe pollution 10 < EF < 25 
Very severe pollution 25 < EF < 50 
Extremely severe pollution EF > 50 
 
8.7.3 TRENDS IN WEAK ACID EXTRACTABLE METALS 
The WE-M concentrations generally increased across Bramble Bay over the 
sampling period, with the exceptions of Cr, which decreased across all sites and As, 
which decreased most sites, with the exception of site BB5, which showed an 
increasing trend from June 2012. 
Site BB4 (Figure 8.3) showed a sharp increase in the normalised concentration 
for V, Cu, Co, Ni, Zn, Cd, Sb, Te, Hg, Tl and Pb in the April sampling run.  This 
increase can be attributed to a flood even in March 2012 which deposited sediments 
in the mouth of the Brisbane River from further upstream rather than an 
anthropogenic pollution event.  There was a drop in the normalised concentrations in 
the June sampling run which may be attributed to dredging occurring in the mouth of 
the Brisbane River.  The concentrations then generally increased in the November 
sampling run, as in other sampling sites. 
 
Figure 8.3: Normalised concentration plot for the Port of Brisbane sampling site 
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8.7.4 PRINCIPAL COMPONENT ANALYSIS 
Principal Component Analysis is a method for reducing large datasets down to 
smaller datasets based on variance (Yongming et al., 2006) and has seen increasing 
use in geochemical research in recent years due to the visual output which is used to 
identify groups of elements based on their correlation to each other (Hu et al., 2011; 
Saraee et al., 2011; Thuong et al., 2013).  The major advantage of PCA in this type 
of study is that each principal component can be qualitatively linked to a source and 
methods such as PCA-APCS (Principal Component Analysis –Absolute Principal 
Component Scores) can be used for source apportionment, which describes the 
contribution of a particular source to the total metals load at a sampling site  (Mostert 
et al., 2012; Pekey et al., 2005; Retnam et al., 2013; Zhou et al., 2007a). 
The PCA Loadings plot (Figure 8.4) for Bramble Bay show a grouping of Al, 
Ti, Ni, Cd and Ga as well as a grouping of V, Th, Zn, Fe, Ce, Co; a group consisting 
of U and Pb and a group of Hg, Te and Tl as well as elements which cannot be easily 
associated with a group: Cr, Sb, As, Mn and Cu. 
 
Figure 8.4: PCA Loadings plot for Bramble Bay. PCs 1 and 2 account for 66.4% variance 
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The grouping of Al, Ga, Ti, Ni and Cd are clustered together and Al is a major 
sediment element, which suggests a group of elements from a terrestrial source.  The 
second grouping, clustered around Fe includes V, Th, Zn, Ce and Co.  Fe is 
commonly associated with clays, while the final grouping of Hg, Te and Tl is 
unexpected as they are all toxic heavy metals and their source is not clear. 
8.7.5 PRINCIPAL COMPONENT ANALYSIS – ABSOLUTE PRINCIPAL COMPONENT 
SCORES ANALYSIS 
The PCA-APCS analysis identified four major sources of heavy metals in 
Bramble Bay, with a good correlation of the model to the observed data (R
2
 = 
0.9856, Figure 8.5).  The source profiles along with their contributions plots enabled 
positive identification of four sources. 
 
Figure 8.5: Plot of calculated vs observed mass for the PCA-APCS model 
 
The first source (Figure 8.6), which explains approximately 48.4% of the 
variance has major contributions of Mn and As, which are commonly linked to 
marine sediments (Hu et al., 2011), possibly due to the two elements co-precipitating 
in marine environments (Takamatsu et al., 1985).  This pattern of Mn and As co-
precipitating was observed in a previous study by the same authors in Deception 
Bay, which is another embayment of Moreton Bay (Brady et al., 2014a).  The minor 
contributors to this source are Fe, Ce, Co and Th.   
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Figure 8.6: Source profiles for Bramble Bay 
 
The contributions plot for source 1 (Figure 8.7) shows that the largest 
contributions occurred during the February run for sites BB2 and BB6 in April.  
Both of these sites have no significant sediment inputs and this supports the 
assignment of source 1 as marine sediment. Site BB1 for the February sampling run 
shows a very low contribution to the metals load, which is consistent with 
stormwater runoff from the area during the local storm season (October through to 
March).  The low contribution at the site BB6 during this time is consistent with 
known currents in the bay (Dennison and Abal, 1999). 
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.  
Figure 8.7: Source contributions for Bramble Bay 
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The second source (Figure 8.6) shows major contributions of Al, Ti, Ni, Ga 
and Cd, with minor contributions of V, Cr, Fe, Cu, Ce, Zn, Th, and Tl.  This source 
accounts for about 18.8% of the total metals pollution in Bramble Bay and the 
presence of Ni and V is suggestive of shipping, as these originate from fuel 
combustion (Lewan, 1984; Lewan and Maynard, 1982; Schirmacher et al., 1993). 
The contributions plot for source 2 (Figure 8.7) shows that the largest 
contributor in the February sampling run was site BB3.  While in the April sampling 
run, the major contributor for source 2 is the site BB4 and the last two sampling runs 
are relatively consistent with low sediment flow in Bramble Bay.  These 
contributions provide further evidence that source 2 is most likely oil combustion 
from shipping (Figueroa et al., 2006). 
Source 3 accounts for approximately 3% of the metals load in Bramble Bay 
(Figure 8.6), making it a minor source, and it has major contributions of Cu, Hg and 
Tl with minor contributions of Zn, Cd, Sb, Pb, Th, U, Ga and Ni.  The presence of 
Cu can be linked to antifouling paints (Moffett et al., 1997).  Other elements, such as 
Cr, Cd, Ni and Pb have been identified as markers of boatyards in previous studies 
(Burton et al., 2004; Turner, 2010).  Source 3 therefore correlates to antifouling 
agent residues. 
The contributions plot for source 3 (Figure 8.7) shows that areas where marine 
traffic is expected (such as the sites BB1 and BB4) show relatively high 
contributions to source 3.  Interestingly, the Port of Brisbane dredges the bottom of 
the Brisbane River and some of the shipping channels periodically, and the increased 
contribution to source 3 in the April sampling run may be indicative of that process 
(due to sediments being disturbed). 
Source 4 accounts for almost 30% of the metals contributions in Bramble Bay 
(Figure 8.6).  The major contribution to the source profile is Te, with Cr, Fe, Sb, V, 
Mn, Al, Ni, Cu Tl and U also contributing, suggesting metal processing.  Te is used 
in alloys with Al, Cu and Pb (as well as Sn, which was not analysed in this study).  
Te is volatile (Blackadder and Manderson, 1975; George, 2003), and unintentional 
release into the environment can occur through the formation of tellurium hydride. 
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The contributions plot for source 4 (Figure 8.7) shows that the areas of major 
contribution are the areas around sites BB1 and BB4 in the April 2012 sampling run 
while the February sampling run had the highest contribution from site BB3.  This 
source is complicated to identify and apportion as one source.  This is probably a 
mixed source and further investigation is required before a definite conclusion can be 
reached. 
8.8 CONCLUSIONS 
This study examined the weak acid soluble metals in the sediments of Bramble 
Bay over four sampling runs from February to November 2012.  Among the heavy 
metals investigated, only Cr and Ni were found to exceed the Australian Sediment 
Quality Guidelines low threshold, only at a handful of sites.   
A fraction analysis found that Pb was in excess of 80% in the weak acid 
soluble fraction, while percentage of Hg and Cd that were weak acid soluble were 
both shown to be increasing over the entire sampling period. This raises concerns 
that there may be an ongoing pollution source for these elements in the area.  The 
weak acid soluble As was found to be becoming more stable over the sampling 
period. 
The Enrichment Factors showed that there was some anthropogenic 
enrichment of most metals across Bramble Bay, although it was only minor.  
However, the enrichment factors of Hg are in excess of 50.  This enrichment 
suggests that the Hg in Bramble Bay is entirely anthropogenic in origin.  The Hg 
enrichment showed a spike in the June sampling run, which probably suggested that 
there had been some discharge of Hg around that period. 
The modified pollution indices for Bramble Bay were found to be relatively 
low, with the exception of the June sampling run, which was higher due to the 
enrichment of Hg around that timeframe.  Otherwise, the MPI indicates that the 
sediments of Bramble Bay are relatively healthy. 
The PCA analysis found that there were several groups of elements, with a 
group consisting of Al, Ti, Ni, Cd and Ga most likely being terrestrial sediment, a 
group of elements (V, Th, Zn, Ce and Co) clustered around Fe, which is likely to be 
elements adsorbed to clays and a group consisting of Hg, Te and Tl, which cannot 
easily be explained.   
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Source apportionment through PCA-APCS identified four sources, marine 
sediments which made up 48.4% of the metals loadings and was identified through 
Mn and As; the second source, which was shipping and contributed 18.8% of the 
metals loading and was identified through V and Ni; the third source, which 
accounted for about 3% of the metals loading and was identified as antifouling 
coatings due to Cu, Hg and Tl while the final source was identified as being due to a 
mixed source and accounted for 29.5% of the metals loadings, although further work 
is required to confirm this assignment. 
This research has found that the overall sediment health of Bramble Bay is 
good, with the exception of Ni and Cr, which exceeded the Australian Interim 
Sediment Quality Guidelines.  This observation and the presence of anthropogenic 
Hg requires further investigation to ensure that the health of Bramble Bay is 
safeguarded. 
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Chapter 9: Conclusions and 
Recommendations 
9.1 SUMMARY AND CONCLUSIONS 
This work set out with three major aims: to assess heavy metal pollution in 
Moreton Bay and methods of assessing heavy metal pollution; to model the spatial 
enrichment, temporal trends and sources of heavy metal pollution in Moreton Bay 
and finally to propose improved methods of identifying and monitoring heavy metals 
pollution. 
This work has contributed to the knowledge of heavy metals pollution in 
Northern Moreton Bay by being the first study since the late 1970s to assess heavy 
metal pollution of the Moreton Bay seafloor.  This is the most detailed work into the 
sediments of Northern Moreton Bay and it is the first work to perform source 
modelling of heavy metals in Northern Moreton Bay. 
This work also identified some limitations in the methodologies used for 
sediment pollution assessment and suggested changes to them.  In particular it 
derived an improved multi-element pollution index which addressed limitations in 
current multi-element pollution indices and made a number of suggestions in regards 
to the development and application of Sediment Quality Guidelines in order to 
remove the location dependence and the reliance on benthic testing that are features 
of many current Sediment Quality Guidelines around the world. 
From the results of this study, the following conclusions can be drawn in terms 
of assessment of heavy metal pollution and pollution assessment methods: 
 Assessment of Deception Bay sediments was conducted by XRF as a quick 
screening tool.  Contamination by As, Pb, Th, Cr and Zn identified and Pb 
being the metal of major concern.  Cluster analysis identified a shipping 
source of contamination (based on Ni, V and Cu) and marine sediments were 
identified as a second source, based on the relationship of Mn and As. 
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 Assessment of the extractions of Deception Bay sediments identified that the 
weak acid soluble metals were decreasing in concentration over the sampling 
timeframe (April to November 2012), with the exceptions of Ni, V and As 
which showed no trend and Zn, which was identified as increasing in 
concentration. 
 Assessment of the Enrichment Factors of the weak acid soluble metals in 
Deception Bay identified little contamination, with the exceptions of Hg and 
Te, which had no background source and were therefore judged to be 
anthropogenic in nature. 
 Bramble Bay sediment health is generally good, although Ni and Cr were 
found to exceed the low threshold of the Australian Interim Sediment Quality 
Guideline at some sites. 
 Assessment of the weak acid soluble metals in Bramble Bay identified that 
Pb was mostly (about 80%) in the weak acid soluble fraction.  In addition, 
Cu, Cd and Hg were found to be increasing over the sampling period 
(February to November 2012). Despite their concentrations being below the 
Australian SQGs, this is a potential source of concern. 
 The Enrichment Factors in Bramble Bay identified that most elements had 
been enriched across Bramble Bay, while a spike of Hg was identified in the 
June 2012 sampling run.  This was evidenced by spikes in Enrichment 
Factors which also affected the modified pollution indices.  This spike of Hg 
requires further investigation to determine the source/s and potential impacts 
on the local wildlife. 
 Assessment of the literature identified that the best single element pollution 
index for assessing sediment health was to use Enrichment Factors and the 
best multi-element index was determined to be the Nemerow pollution index. 
 Assessment of available literature on multi-element pollution indices 
identified that these indices cannot account for complex sediment behaviours 
that occur in marine and estuarine environments, such as those in Northern 
Moreton Bay. 
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 Assessment of the available literature on the applicability of Sediment 
Quality Guidelines identified that the identification of emerging 
contaminants, geographical limitations and limited number of elements 
covered suggests that there are limitations to the applicability of Sediment 
Quality Guidelines. 
The following conclusions can be drawn from the modelling or pollution 
sources and trends in Northern Moreton Bay: 
 Modelling of the XRF data from Deception Bay using PROMETHEE and 
GAIA identified sites that had been identified as having low Si/Al ratios were 
more likely to be contaminated.   
 Modelling of the XRF data from Deception Bay using HCA identified groups 
of sampling sites that had previously been identified as being sandy by the 
PROMETHEE and GAIA analysis.  Site DB1 was identified as being unique 
while the clusters of groups were identified as having origins related to 
shipping (Al, Cu, Ni, V), sediment (Mn, As, Th and Pb), sand (Si and Cr), 
while Zn was identified as being unique.  It was suggested that high 
concentrations of Zn in the vicinity of site DB1 was linked to shipyards and 
anchorages in that area. 
 Modelling of the extracted Deception Bay sediments using PCA-APCS 
identified three sources as marine sediment (fingerprinted by Mn, As and 
Ce), shipping (based on V and Ni) and antifouling agents (fingerprinted by 
Hg, Te, Cu and others). 
 Modelling of the extracted Bramble Bay sediments identified several groups 
of elements, with a group tentatively identified as sediments containing (Al, 
Ti, Ni, Cd and Ga), a second group of V, Th, Zn, Ce and Co clustered around 
Fe, which was tentatively associated with elements bound to clays while a 
third group of elements consisted of Hg, Te and Tl. 
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 PCA-APCS modelling of Bramble Bay sediments identified marine 
sediments (fingerprinted by Mn, As and Ce), as well as shipping (based on 
the characteristic Ni/V fingerprint) with antifouling agents being identified as 
the third source while a fourth, mixed source was also identified.  Further 
research and analysis is required to provide a definitive identification of this 
fourth source. 
 There is a similar marine sediment source in Bramble and Deception Bays.  
This is identified when the two marine sediment sources are compared side 
by side, as they have similar major contributors of Mn, As and Ce. 
There are also some conclusions that can be made in terms of proposing 
improved methods of assessing heavy metals pollution in Northern Moreton Bay: 
 It is possible to use the enrichment factors to calculate a modified 
pollution index in order to overcome the limitations of both the Nemerow 
Pollution Index and Enrichment Factors.  This was demonstrated by 
applying the modified pollution calculations to previous studies and the 
other works in Deception and Bramble Bays. 
 The modified pollution index developed in Chapter 7 was suggested as it 
considers the impact of a suite of elements; requires little changes to the 
current SQG decision trees and removes the geographical limitations of 
the current SQGs.  This potentially offers  a significant improvement over 
the current Australian Sediment Quality Guidelines and can be 
implemented quickly without major changes to the current methods in use. 
 A routine heavy metals monitoring program has been recommended (see 
below), which would provide better understanding of temporal trends in 
heavy metals pollution, identification of emerging pollutants and better 
understanding of pollution sources within Moreton Bay. 
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9.2 RECOMMENDATIONS FOR FUTURE WORK 
In terms of further research, there are a number of questions that either remains 
unanswered, or unasked.  These recommendations include: 
1. This work did not perform speciation of As and Cr.  Considering that the 
oxidation states of these elements is related to their toxicity, future works 
in Moreton Bay should examine the speciation of these two elements; 
2. This work did not consider Sn as an element of interest.  Organotin 
compounds, such as tributyltin (TBT), have been banned for use in 
Australia due to toxicity concerns.  Assessing the presence or absence of 
Sn pollution in Moreton Bay would assist in further pollution and risk 
assessment; 
3. The sampling period for this study was only eleven months, which 
provides some information on short term trends.  It is recommended that a 
longitudinal study over a period of several years, with regular monitoring 
of heavy metal pollution should be performed to provide more robust 
temporal data; 
4. Any future studies focussing on the use of PCA-APCS (or other receptor 
modelling) would benefit from a larger number of samples.  It is therefore 
recommended that further studies take more samples to improve the 
models. 
5. Although this work examined potential bioavailability of various heavy 
metals in the Sediments of Moreton Bay, it is difficult to accurately 
establish bioavailability of contaminants based on chemical extractions.  It 
is therefore recommended that samples of seafood (such as prawn and 
Moreton Bay bugs) be taken and assessed for heavy metals to establish 
links between sediment contamination and bioavailability; 
6. One outcome of this work was the identification of potential sources of As 
and Cd in the Pine River.  It is recommended that further work be 
conducted to identify the source/s of these elements in the area surrounding 
the Pine River; 
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7. It is recommended that further studies conducted in Moreton Bay consider 
using sediment cores of seafloor sediments to identify long-term historical 
trends in sediment pollution and behaviour. 
8. From the start of the twentieth century Caboolture has undergone 
exponential population growth.  This population growth provides an 
opportunity to identify heavy metal contamination caused by rapid 
urbanisation in an Australian context, which could be then compared to 
other work done in other regions (such as Europe and Asia).  A thorough 
examination of the Caboolture River sediments in order to get an 
understanding of the impact of exponential population growth on heavy 
metal contamination in an Australian context would provide valuable 
information in this context. 
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Appendix 1: Bramble Bay extraction data 
 
 
Al Ti V Cr 
Sample Name mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-BG-1 9020 18 596.1 1.2 22.61 0.05 110.8 0.2 
WE-BG-2 25512 51 527.9 1.1 24.10 0.05 82.5 0.2 
WE-BG-3 17387 35 674.7 1.3 27.79 0.06 96.4 0.2 
WE-BG-4 46693 93 2076.6 4.2 54.17 0.11 53.9 0.1 
TR-BG-1 26499 53 499.4 1.0 59.35 0.12 350.0 0.7 
TR-BG-2 25798 52 618.1 1.2 58.45 0.12 241.5 0.5 
TR-BG-3 23996 48 684.3 1.4 65.12 0.13 293.3 0.6 
TR-BG-4 37601 75 1006.2 2.0 100.50 0.20 137.2 0.3 
WE Av. BG 24653 49 968.8 1.9 32.17 0.06 85.9 0.2 
TR Av. BG 28474 57 968.8 1.9 70.86 0.14 255.5 0.5 
R1-WE-BB1 7993 16 128.5 0.3 11.51 0.02 145.5 0.3 
R1-TR-BB1 9033 18 322.1 0.6 30.78 0.06 444.2 0.9 
R1-WE-BB2 9975 20 297.0 0.6 48.00 0.10 49.4 0.1 
R1-TR-BB2 28667 57 543.1 1.1 167.04 0.33 166.6 0.3 
R1-WE-BB3 22487 45 800.6 1.6 34.53 0.07 67.2 0.1 
R1-TR-BB3 39756 80 800.6 1.6 76.51 0.15 173.9 0.3 
R1-WE-BB4 17548 35 495.1 1.0 20.62 0.04 82.5 0.2 
R1-TR-BB4 22645 45 657.4 1.3 54.60 0.11 268.6 0.5 
R1-WE-BB5 5854 12 223.6 0.4 15.23 0.03 55.7 0.1 
R1-TR-BB5 15253 31 481.9 1.0 52.35 0.10 195.1 0.4 
R1-WE-BB6 11474 23 166.7 0.3 10.98 0.02 159.5 0.3 
R1-TR-BB6 17199 34 427.5 0.9 42.74 0.09 522.8 1.0 
R2-WE-BB1 19365 39 425.7 0.9 31.11 0.06 70.7 0.1 
R2-TR-BB1 48713 97 506.5 1.0 81.47 0.16 192.2 0.4 
R2-WE-BB2 21524 43 558.3 1.1 50.34 0.10 56.5 0.1 
R2-TR-BB2 58083 116 609.9 1.2 119.28 0.24 139.3 0.3 
R2-WE-BB3 21384 43 863.0 1.7 37.29 0.07 46.6 0.1 
R2-TR-BB3 42965 86 963.0 1.9 114.31 0.23 177.3 0.4 
R2- WE-BB4 33210 66 757.7 1.5 73.58 0.15 52.5 0.1 
R2-TR- BB4 97408 195 757.7 1.5 129.66 0.26 104.1 0.2 
R2-WE-BB5 10791 22 237.0 0.5 15.99 0.03 61.0 0.1 
R2-TR-BB5 20355 41 575.2 1.2 51.85 0.10 226.1 0.5 
R2-WE-BB6 17909 36 710.7 1.4 29.77 0.06 47.4 0.1 
R2-TR-BB6 35145 70 1025.2 2.1 91.82 0.18 172.6 0.3 
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Al Ti V Cr 
Sample Name mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
R3-WE-BB1 14407 29 356.2 0.7 30.85 0.06 29.0 0.1 
R3-TR-BB2 52534 105 499.0 1.0 97.18 0.19 93.6 0.2 
R3-WE-BB2 20553 41 490.8 1.0 40.04 0.08 37.0 0.1 
R3-TR-BB2 67761 136 629.6 1.3 106.86 0.21 100.7 0.2 
R3-WEBB3 23177 46 592.1 1.2 48.63 0.10 39.2 0.1 
R3-TR-BB3 70440 141 592.1 1.2 105.09 0.21 99.4 0.2 
R3-WE-BB4 17160 34 784.7 1.6 34.71 0.07 26.6 0.1 
R3-TR-BB4 42268 85 784.7 1.6 109.64 0.22 135.0 0.3 
R3-WE-BB5 23657 47 651.9 1.3 51.08 0.10 36.1 0.1 
R3-TR-BB5 75991 152 651.9 1.3 106.44 0.21 94.5 0.2 
R3-WE-BB6 23724 47 609.4 1.2 49.23 0.10 38.3 0.1 
R3-TR-BB6 78672 157 609.4 1.2 99.54 0.20 95.0 0.2 
R4-WE-BB1 20229 40 442.7 0.9 41.49 0.08 47.5 0.1 
R4-TR-BB1 59631 119 567.1 1.1 100.93 0.20 116.4 0.2 
R4-WE-BB2 20014 40 561.0 1.1 42.02 0.08 36.6 0.1 
R4-TR-BB2 50724 101 786.6 1.6 101.23 0.20 88.1 0.2 
R4-WE-BB3 26734 53 663.5 1.3 51.06 0.10 46.7 0.1 
R4-TR-BB3 73765 148 663.5 1.3 102.03 0.20 118.0 0.2 
R4 -WE-BB4 20444 41 917.3 1.8 38.51 0.08 43.1 0.1 
R4-TR-BB4 39414 79 1156.3 2.3 117.74 0.24 181.5 0.4 
R4-WE-BB5 21901 44 706.2 1.4 45.23 0.09 41.2 0.1 
R4-TR-BB5 58140 116 706.2 1.4 107.40 0.21 115.9 0.2 
R4-WE-BB6 25975 52 599.0 1.2 52.77 0.11 43.6 0.1 
R4-TR-BB6 70437 141 599.0 1.2 104.41 0.21 97.6 0.2 
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Mn Fe Co Ni 
Sample Name mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-BG-1 246.2 0.5 13966 28 5.32 0.01 14.40 0.03 
WE-BG-2 419.4 0.8 13792 28 5.28 0.01 9.32 0.02 
WE-BG-3 300.0 0.6 15806 32 7.62 0.02 14.71 0.03 
WE-BG-4 496.3 1.0 46697 93 23.28 0.05 51.38 0.10 
TR-BG-1 314.2 0.6 23332 47 7.47 0.01 22.74 0.05 
TR-BG-2 405.1 0.8 19823 40 7.23 0.01 13.94 0.03 
TR-BG-3 333.2 0.7 24648 49 11.04 0.02 24.89 0.05 
TR-BG-4 553.9 1.1 68478 137 31.54 0.06 76.79 0.15 
WE Av. BG 365.5 0.7 22565 45 10.38 0.02 22.45 0.04 
TR Av. BG 401.6 0.8 34070 68 14.32 0.03 34.59 0.07 
R1-WE-BB1 126.4 0.3 8942 18 4.46 0.01 10.27 0.02 
R1-TR-BB1 154.3 0.3 13843 28 5.93 0.01 13.94 0.03 
R1-WE-BB2 826.8 1.7 34980 70 12.68 0.03 12.37 0.02 
R1-TR-BB2 826.8 1.7 80794 162 17.96 0.04 24.09 0.05 
R1-WE-BB3 360.4 0.7 26647 53 17.05 0.03 18.59 0.04 
R1-TR-BB3 377.9 0.8 36225 72 20.87 0.04 27.31 0.05 
R1-WE-BB4 475.6 1.0 15328 31 16.39 0.03 15.13 0.03 
R1-TR-BB4 533.1 1.1 24115 48 22.24 0.04 22.60 0.05 
R1-WE-BB5 264.7 0.5 12289 25 6.37 0.01 8.97 0.02 
R1-TR-BB5 276.0 0.6 23199 46 8.97 0.02 14.41 0.03 
R1-WE-BB6 223.3 0.4 10586 21 8.93 0.02 12.21 0.02 
R1-TR-BB6 306.3 0.6 15603 31 11.56 0.02 19.79 0.04 
R2-WE-BB1 347.9 0.7 28598 57 15.29 0.03 16.86 0.03 
R2-TR-BB1 374.7 0.7 39441 79 19.72 0.04 28.66 0.06 
R2-WE-BB2 595.9 1.2 39246 78 17.54 0.04 21.88 0.04 
R2-TR-BB2 595.9 1.2 69676 139 23.01 0.05 36.15 0.07 
R2-WE-BB3 534.2 1.1 31458 63 18.94 0.04 19.65 0.04 
R2-TR-BB3 604.9 1.2 50622 101 25.45 0.05 33.64 0.07 
R2- WE-BB4 675.8 1.4 48180 96 20.87 0.04 39.22 0.08 
R2-TR- BB4 675.8 1.4 61128 122 25.11 0.05 57.79 0.12 
R2-WE-BB5 299.3 0.6 12531 25 8.41 0.02 9.42 0.02 
R2-TR-BB5 373.5 0.7 25994 52 13.63 0.03 18.56 0.04 
R2-WE-BB6 596.7 1.2 35862 72 25.43 0.05 18.78 0.04 
R2-TR-BB6 662.4 1.3 53655 107 36.29 0.07 31.26 0.06 
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Mn Fe Co Ni 
Sample Name mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
R3-WE-BB1 331.5 0.7 26941 54 13.54 0.03 14.39 0.03 
R3-TR-BB2 388.7 0.8 44264 89 19.53 0.04 29.70 0.06 
R3-WE-BB2 514.5 1.0 35146 70 16.98 0.03 21.03 0.04 
R3-TR-BB2 514.5 1.0 50365 101 21.80 0.04 38.77 0.08 
R3-WEBB3 460.8 0.9 38911 78 17.31 0.03 24.82 0.05 
R3-TR-BB3 460.8 0.9 50651 101 21.66 0.04 42.01 0.08 
R3-WE-BB4 488.0 1.0 29213 58 16.07 0.03 17.50 0.04 
R3-TR-BB4 540.7 1.1 49124 98 22.05 0.04 30.54 0.06 
R3-WE-BB5 478.1 1.0 38115 76 16.48 0.03 28.25 0.06 
R3-TR-BB5 478.1 1.0 53325 107 21.85 0.04 48.09 0.10 
R3-WE-BB6 466.6 0.9 39159 78 16.18 0.03 25.42 0.05 
R3-TR-BB6 466.6 0.9 52341 105 20.94 0.04 43.34 0.09 
R4-WE-BB1 419.5 0.8 36153 72 15.88 0.03 19.61 0.04 
R4-TR-BB1 419.5 0.8 46419 93 19.56 0.04 36.17 0.07 
R4-WE-BB2 753.6 1.5 36655 73 17.28 0.03 20.14 0.04 
R4-TR-BB2 753.6 1.5 50312 101 21.02 0.04 32.09 0.06 
R4-WE-BB3 467.1 0.9 40889 82 18.27 0.04 26.56 0.05 
R4-TR-BB3 467.1 0.9 54974 110 23.10 0.05 46.45 0.09 
R4 -WE-BB4 483.7 1.0 32004 64 16.70 0.03 19.05 0.04 
R4-TR-BB4 550.8 1.1 49665 99 22.32 0.04 29.49 0.06 
R4-WE-BB5 609.0 1.2 36183 72 16.66 0.03 24.24 0.05 
R4-TR-BB5 609.0 1.2 51255 103 22.47 0.04 40.86 0.08 
R4-WE-BB6 479.0 1.0 40964 82 16.48 0.03 28.24 0.06 
R4-TR-BB6 479.0 1.0 50332 101 20.25 0.04 45.64 0.09 
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Cu Zn Ga As 
Sample Name mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-BG-1 9.40 0.02 26.60 0.05 6.04 0.01 1.134 0.002 
WE-BG-2 6.45 0.01 24.17 0.05 10.23 0.02 3.004 0.006 
WE-BG-3 7.37 0.01 22.91 0.05 15.10 0.03 1.291 0.003 
WE-BG-4 15.22 0.03 77.06 0.15 23.49 0.05 0.749 0.001 
TR-BG-1 15.48 0.03 36.16 0.07 12.22 0.02 3.886 0.008 
TR-BG-2 9.01 0.02 32.96 0.07 9.93 0.02 4.684 0.009 
TR-BG-3 11.67 0.02 38.13 0.08 11.44 0.02 5.064 0.010 
TR-BG-4 23.32 0.05 215.59 0.43 16.35 0.03 2.218 0.004 
WE Av. BG 9.61 0.02 37.68 0.08 13.71 0.03 1.545 0.003 
TR Av. BG 14.87 0.03 80.71 0.16 13.71 0.03 3.963 0.008 
R1-WE-BB1 3.54 0.01 12.39 0.02 4.17 0.01 1.451 0.003 
R1-TR-BB1 5.65 0.01 17.23 0.03 4.17 0.01 4.806 0.010 
R1-WE-BB2 5.42 0.01 39.44 0.08 3.81 0.01 6.436 0.013 
R1-TR-BB2 12.77 0.03 48.48 0.10 7.71 0.02 36.858 0.074 
R1-WE-BB3 10.79 0.02 78.98 0.16 9.44 0.02 3.649 0.007 
R1-TR-BB3 15.30 0.03 96.88 0.19 11.61 0.02 6.535 0.013 
R1-WE-BB4 5.04 0.01 45.12 0.09 7.98 0.02 4.206 0.008 
R1-TR-BB4 9.13 0.02 63.81 0.13 7.98 0.02 7.015 0.014 
R1-WE-BB5 4.39 0.01 25.14 0.05 2.99 0.01 3.158 0.006 
R1-TR-BB5 8.59 0.02 37.22 0.07 5.23 0.01 7.561 0.015 
R1-WE-BB6 4.31 0.01 20.67 0.04 5.55 0.01 3.246 0.006 
R1-TR-BB6 7.62 0.02 35.57 0.07 6.98 0.01 4.357 0.009 
R2-WE-BB1 14.68 0.03 77.15 0.15 7.73 0.02 5.436 0.011 
R2-TR-BB1 20.02 0.04 100.36 0.20 14.67 0.03 8.750 0.018 
R2-WE-BB2 15.32 0.03 81.16 0.16 8.05 0.02 4.747 0.009 
R2-TR-BB2 24.71 0.05 101.06 0.20 16.37 0.03 22.708 0.045 
R2-WE-BB3 10.70 0.02 80.87 0.16 9.01 0.02 3.779 0.008 
R2-TR-BB3 17.34 0.03 121.15 0.24 13.58 0.03 7.191 0.014 
R2- WE-BB4 37.01 0.07 118.13 0.24 13.53 0.03 3.898 0.008 
R2-TR- BB4 43.68 0.09 156.50 0.31 26.20 0.05 8.668 0.017 
R2-WE-BB5 4.32 0.01 26.13 0.05 4.98 0.01 1.550 0.003 
R2-TR-BB5 8.92 0.02 54.31 0.11 7.53 0.02 6.322 0.013 
R2-WE-BB6 6.02 0.01 84.10 0.17 7.86 0.02 4.217 0.008 
R2-TR-BB6 12.50 0.03 121.06 0.24 12.37 0.02 7.939 0.016 
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Cu Zn Ga As 
Sample Name mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
R3-WE-BB1 17.53 0.04 75.38 0.15 7.03 0.01 5.194 0.010 
R3-TR-BB2 24.05 0.05 111.56 0.22 16.96 0.03 9.033 0.018 
R3-WE-BB2 36.21 0.07 121.87 0.24 7.93 0.02 4.681 0.009 
R3-TR-BB2 39.85 0.08 121.87 0.24 18.94 0.04 13.119 0.026 
R3-WEBB3 21.36 0.04 94.10 0.19 8.80 0.02 3.339 0.007 
R3-TR-BB3 27.69 0.06 127.80 0.26 19.19 0.04 8.427 0.017 
R3-WE-BB4 11.55 0.02 75.82 0.15 7.09 0.01 3.783 0.008 
R3-TR-BB4 20.81 0.04 113.82 0.23 13.61 0.03 6.780 0.014 
R3-WE-BB5 35.97 0.07 103.85 0.21 9.84 0.02 3.694 0.007 
R3-TR-BB5 39.24 0.08 137.75 0.28 21.19 0.04 8.790 0.018 
R3-WE-BB6 27.95 0.06 95.60 0.19 9.14 0.02 4.156 0.008 
R3-TR-BB6 37.79 0.08 122.43 0.24 20.26 0.04 8.588 0.017 
R4-WE-BB1 32.59 0.07 105.37 0.21 8.84 0.02 6.035 0.012 
R4-TR-BB1 38.18 0.08 123.86 0.25 18.00 0.04 10.706 0.021 
R4-WE-BB2 39.30 0.08 86.77 0.17 7.85 0.02 5.215 0.010 
R4-TR-BB2 45.01 0.09 104.89 0.21 15.17 0.03 16.124 0.032 
R4-WE-BB3 22.90 0.05 99.91 0.20 9.83 0.02 3.487 0.007 
R4-TR-BB3 31.16 0.06 126.42 0.25 20.85 0.04 8.183 0.016 
R4-WE-BB4 15.55 0.03 81.16 0.16 8.51 0.02 3.833 0.008 
R4-TR-BB4 21.30 0.04 113.65 0.23 13.24 0.03 7.246 0.014 
R4-WE-BB5 23.27 0.05 98.53 0.20 9.03 0.02 5.068 0.010 
R4-TR-BB5 31.38 0.06 131.44 0.26 17.40 0.03 10.179 0.020 
R4-WE-BB6 32.77 0.07 96.69 0.19 9.31 0.02 3.725 0.007 
R4-TR-BB6 38.94 0.08 123.91 0.25 20.70 0.04 8.579 0.017 
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Cd Sb Te 
Sample Name mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-BG-1 0.0209 4.2E-05 0.1404 0.0003 0.05496 0.00011 
WE-BG-2 0.0277 5.5E-05 0.0826 0.0002 0.03258 0.00007 
WE-BG-3 0.0207 4.1E-05 0.0842 0.0002 0.00878 0.00002 
WE-BG-4 0.1332 2.7E-04 0.0229 0.0000 0.00970 0.00002 
TR-BG-1 0.0420 8.4E-05 0.4803 0.0010 0.03557 0.00007 
TR-BG-2 0.0346 6.9E-05 0.3608 0.0007 0.01466 0.00003 
TR-BG-3 0.0443 8.9E-05 0.4056 0.0008 0.02655 0.00005 
TR-BG-4 0.1496 3.0E-04 0.3966 0.0008 0.04224 0.00008 
WE Av. BG 0.0506 1.0E-04 0.0825 0.0002 0.02651 0.00005 
TR Av. BG 0.0676 1.4E-04 0.4108 0.0008 0.02975 0.00006 
R1-WE-BB1 0.0195 3.9E-05 0.1000 0.0002 0.00779 0.00002 
R1-TR-BB1 0.0309 6.2E-05 0.4509 0.0009 0.00779 0.00002 
R1-WE-BB2 0.0123 2.5E-05 0.1311 0.0003 0.03137 0.00006 
R1-TR-BB2 0.0454 9.1E-05 0.6547 0.0013 0.03137 0.00006 
R1-WE-BB3 0.0596 1.2E-04 0.1112 0.0002 0.01756 0.00004 
R1-TR-BB3 0.0596 1.2E-04 0.3229 0.0006 0.03569 0.00007 
R1-WE-BB4 0.0160 3.2E-05 0.0696 0.0001 0.01671 0.00003 
R1-TR-BB4 0.0284 5.7E-05 0.4317 0.0009 0.03967 0.00008 
R1-WE-BB5 0.0154 3.1E-05 0.0989 0.0002 0.00000 0.00000 
R1-TR-BB5 0.0233 4.7E-05 0.4283 0.0009 0.07122 0.00014 
R1-WE-BB6 0.0242 4.8E-05 0.0767 0.0002 0.00781 1.6E-05 
R1-TR-BB6 0.0524 1.0E-04 0.5684 0.0011 0.01110 2.2E-05 
R2-WE-BB1 0.0557 1.1E-04 0.1184 0.0002 0.00740 1.5E-05 
R2-TR-BB1 0.0662 1.3E-04 0.7266 0.0015 0.01779 3.6E-05 
R2-WE-BB2 0.0290 5.8E-05 0.1033 0.0002 0.06250 1.3E-04 
R2-TR-BB2 0.0441 8.8E-05 0.9936 0.0020 0.10638 2.1E-04 
R2-WE-BB3 0.0341 6.8E-05 0.0816 0.0002 0.00000 0.0E+00 
R2-TR-BB3 0.0883 1.8E-04 0.8007 0.0016 0.00921 1.8E-05 
R2- WE-BB4 0.1154 2.3E-04 0.0974 0.0002 0.04652 9.3E-05 
R2-TR- BB4 0.1317 2.6E-04 0.8174 0.0016 0.03682 7.4E-05 
R2-WE-BB5 0.0166 3.3E-05 0.0860 0.0002 0.02249 4.5E-05 
R2-TR-BB5 0.0166 3.3E-05 0.8712 0.0017 0.03826 7.7E-05 
R2-WE-BB6 0.0140 2.8E-05 0.1200 0.0002 0.03450 6.9E-05 
R2-TR-BB6 0.0834 1.7E-04 0.5676 0.0011 0.04481 9.0E-05 
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Cd Sb Te 
Sample Name mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
R3-WE-BB1 0.0332 6.6E-05 0.1446 0.0003 0.00000 0.00000 
R3-TR-BB2 0.0629 1.3E-04 0.5999 0.0012 0.05491 1.1E-04 
R3-WE-BB2 0.0347 6.9E-05 0.1458 0.0003 0.01956 3.9E-05 
R3-TR-BB2 0.0827 1.7E-04 0.7455 0.0015 0.08526 1.7E-04 
R3-WEBB3 0.0254 5.1E-05 0.0961 0.0002 0.03278 6.6E-05 
R3-TR-BB3 0.0788 1.6E-04 0.7636 0.0015 0.03278 6.6E-05 
R3-WE-BB4 0.0290 5.8E-05 0.0842 0.0002 0.01573 3.1E-05 
R3-TR-BB4 0.0362 7.2E-05 0.5154 0.0010 0.02921 5.8E-05 
R3-WE-BB5 0.0533 1.1E-04 0.0883 0.0002 0.03097 6.2E-05 
R3-TR-BB5 0.1111 2.2E-04 0.5088 0.0010 0.04043 8.1E-05 
R3-WE-BB6 0.0320 6.4E-05 0.0998 0.0002 0.01969 3.9E-05 
R3-TR-BB6 0.0871 1.7E-04 0.4970 0.0010 0.01969 3.9E-05 
R4-WE-BB1 0.0714 1.4E-04 0.1627 0.0003 0.02104 4.2E-05 
R4-TR-BB1 0.0773 1.5E-04 0.5198 0.0010 0.02104 4.2E-05 
R4-WE-BB2 0.0193 3.9E-05 0.1179 0.0002 0.03728 7.5E-05 
R4-TR-BB2 0.0448 9.0E-05 0.4698 0.0009 0.03728 7.5E-05 
R4-WE-BB3 0.0156 3.1E-05 0.1343 0.0003 0.07047 1.4E-04 
R4-TR-BB3 0.0610 1.2E-04 0.1687 0.0003 0.07047 1.4E-04 
R4 -WE-BB4 0.0285 5.7E-05 0.0911 0.0002 0.00000 0.0E+00 
R4-TR-BB4 0.0824 1.6E-04 0.1398 0.0003 0.03980 8.0E-05 
R4-WE-BB5 0.0474 9.5E-05 0.0976 0.0002 0.01735 3.5E-05 
R4-TR-BB5 0.0841 1.7E-04 0.1733 0.0003 0.01998 4.0E-05 
R4-WE-BB6 0.0592 1.2E-04 0.0971 0.0002 0.03085 6.2E-05 
R4-TR-BB6 0.0837 1.7E-04 0.3628 0.0007 0.02377 4.8E-05 
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Ce Hg Tl 
Sample Name mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-BG-1 7.55 0.02 0.00469 9.38E-06 0.0924 0.0002 
WE-BG-2 10.87 0.02 0.00489 9.79E-06 0.1161 0.0002 
WE-BG-3 18.63 0.04 0.00024 4.86E-07 0.1251 0.0003 
WE-BG-4 68.08 0.14 0.00024 4.86E-07 0.0512 0.0001 
TR-BG-1 11.62 0.02 0.11398 0.000228 0.2048 0.0004 
TR-BG-2 12.59 0.03 0.05479 0.00011 0.1851 0.0004 
TR-BG-3 24.08 0.05 0.14650 0.000293 0.3011 0.0006 
TR-BG-4 63.31 0.13 0.04512 9.02E-05 0.0663 0.0001 
WE Av. BG 26.28 0.05 0.00252 5.04E-06 0.0962 0.0002 
TR Av. BG 27.90 0.06 0.09010 0.00018 0.1893 0.0004 
R1-WE-BB1 8.64 0.02 0.00262 5.23E-06 0.0736 0.0001 
R1-TR-BB1 10.30 0.02 0.05118 0.000102 0.0740 0.0001 
R1-WE-BB2 41.80 0.08 0.02443 4.89E-05 0.0503 0.0001 
R1-TR-BB2 41.80 0.08 0.09377 0.000188 0.0790 0.0002 
R1-WE-BB3 30.86 0.06 0.02993 5.99E-05 0.1387 0.0003 
R1-TR-BB3 37.26 0.07 0.05908 0.000118 0.1663 0.0003 
R1-WE-BB4 22.34 0.04 0.00024 4.86E-07 0.1145 0.0002 
R1-TR-BB4 27.31 0.05 0.05562 0.000111 0.1383 0.0003 
R1-WE-BB5 19.26 0.04 0.00825 1.65E-05 0.0454 0.0001 
R1-TR-BB5 22.88 0.05 0.06520 0.00013 0.0670 0.0001 
R1-WE-BB6 13.67 0.03 0.00672 1.3E-05 0.1080 0.0002 
R1-TR-BB6 19.48 0.04 0.05632 1.1E-04 0.1263 0.0003 
R2-WE-BB1 32.61 0.07 0.06997 1.4E-04 0.1434 0.0003 
R2-TR-BB1 38.02 0.08 0.10923 2.2E-04 0.1975 0.0004 
R2-WE-BB2 48.44 0.10 0.04733 9.5E-05 0.1259 0.0003 
R2-TR-BB2 51.56 0.10 0.08238 1.6E-04 0.2454 0.0005 
R2-WE-BB3 39.61 0.08 0.03549 7.1E-05 0.1140 0.0002 
R2-TR-BB3 56.03 0.11 0.05412 1.1E-04 0.1670 0.0003 
R2- WE-BB4 49.79 0.10 0.08567 1.7E-04 0.1865 0.0004 
R2-TR- BB4 49.79 0.10 0.13272 2.7E-04 0.3191 0.0006 
R2-WE-BB5 15.52 0.03 0.01185 2.4E-05 0.0763 0.0002 
R2-TR-BB5 22.74 0.05 0.04427 8.9E-05 0.1100 0.0002 
R2-WE-BB6 51.96 0.10 0.02675 5.4E-05 0.0856 0.0002 
R2-TR-BB6 69.36 0.14 0.04786 9.6E-05 0.1439 0.0003 
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Ce Hg Tl 
Sample Name mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
R3-WE-BB1 32.38 0.06 0.34263 6.9E-04 0.1340 0.0003 
R3-TR-BB2 44.06 0.09 0.38708 7.7E-04 0.2042 0.0004 
R3-WE-BB2 42.07 0.08 0.23666 4.7E-04 0.1409 0.0003 
R3-TR-BB2 47.29 0.09 0.25550 5.1E-04 0.3123 0.0006 
R3-WEBB3 42.96 0.09 0.25498 5.1E-04 0.1450 0.0003 
R3-TR-BB3 47.15 0.09 0.25989 5.2E-04 0.2908 0.0006 
R3-WE-BB4 33.57 0.07 0.08143 1.6E-04 0.1215 0.0002 
R3-TR-BB4 70.25 0.14 0.15858 3.2E-04 0.1798 0.0004 
R3-WE-BB5 40.83 0.08 0.40645 8.1E-04 0.1608 0.0003 
R3-TR-BB5 51.85 0.10 0.46420 9.3E-04 0.2996 0.0006 
R3-WE-BB6 41.44 0.08 0.39852 8.0E-04 0.1500 0.0003 
R3-TR-BB6 47.81 0.10 0.39852 8.0E-04 0.2599 0.0005 
R4-WE-BB1 38.84 0.08 0.06776 1.4E-04 0.1428 0.0003 
R4-TR-BB1 44.91 0.09 0.08548 1.7E-04 0.2472 0.0005 
R4-WE-BB2 44.50 0.09 0.05390 1.1E-04 0.1134 0.0002 
R4-TR-BB2 45.45 0.09 0.07286 1.5E-04 0.2323 0.0005 
R4-WE-BB3 45.81 0.09 0.07836 1.6E-04 0.1483 0.0003 
R4-TR-BB3 50.49 0.10 0.08849 1.8E-04 0.2607 0.0005 
R4 -WE-BB4 41.23 0.08 0.04513 9.0E-05 0.1138 0.0002 
R4-TR-BB4 55.94 0.11 0.05474 1.1E-04 0.1867 0.0004 
R4-WE-BB5 36.12 0.07 0.07074 1.4E-04 0.1347 0.0003 
R4-TR-BB5 47.60 0.10 0.07102 1.4E-04 0.2279 0.0005 
R4-WE-BB6 42.98 0.09 0.08085 1.6E-04 0.1491 0.0003 
R4-TR-BB6 43.91 0.09 0.10255 2.1E-04 0.2832 0.0006 
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Pb Th U 
Sample Name mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-BG-1 2.97 0.01 1.359 0.003 0.1935 0.0004 
WE-BG-2 4.25 0.01 2.255 0.005 0.3887 0.0008 
WE-BG-3 3.72 0.01 1.492 0.003 0.2662 0.0005 
WE-BG-4 3.07 0.01 2.584 0.005 0.3599 0.0007 
TR-BG-1 4.04 0.01 2.564 0.005 0.8788 0.0018 
TR-BG-2 3.73 0.01 3.630 0.007 1.4561 0.0029 
TR-BG-3 5.06 0.01 2.397 0.005 1.0767 0.0022 
TR-BG-4 2.79 0.01 3.468 0.007 1.2104 0.0024 
WE Av. BG 3.50 0.01 1.923 0.004 0.3021 0.0006 
TR Av. BG 3.91 0.01 3.015 0.006 1.1555 0.0023 
R1-WE-BB1 2.22 0.00 0.939 0.002 0.2756 0.0006 
R1-TR-BB1 2.76 0.01 1.546 0.003 0.8483 0.0017 
R1-WE-BB2 8.33 0.02 1.642 0.003 0.7483 0.0015 
R1-TR-BB2 10.68 0.02 2.984 0.006 1.8734 0.0037 
R1-WE-BB3 10.78 0.02 2.653 0.005 0.5395 0.0011 
R1-TR-BB3 10.78 0.02 4.892 0.010 1.6984 0.0034 
R1-WE-BB4 5.21 0.01 2.093 0.004 0.3316 0.0007 
R1-TR-BB4 5.51 0.01 3.432 0.007 1.0627 0.0021 
R1-WE-BB5 5.47 0.01 1.341 0.003 0.3819 0.0008 
R1-TR-BB5 6.93 0.01 2.245 0.004 1.0508 0.0021 
R1-WE-BB6 3.65 0.01 1.351 0.003 0.2811 0.0006 
R1-TR-BB6 4.39 0.01 2.750 0.005 1.1201 0.0022 
R2-WE-BB1 11.73 0.02 2.279 0.005 0.8181 0.0016 
R2-TR-BB1 12.54 0.03 4.931 0.010 2.3342 0.0047 
R2-WE-BB2 14.93 0.03 2.686 0.005 0.9940 0.0020 
R2-TR-BB2 18.25 0.04 6.881 0.014 3.1728 0.0063 
R2-WE-BB3 12.26 0.02 3.192 0.006 0.5601 0.0011 
R2-TR-BB3 13.54 0.03 7.879 0.016 2.0684 0.0041 
R2- WE-BB4 22.46 0.04 3.459 0.007 0.9470 0.0019 
R2-TR- BB4 22.46 0.04 6.179 0.012 2.3636 0.0047 
R2-WE-BB5 3.95 0.01 1.236 0.002 0.3748 0.0007 
R2-TR-BB5 4.92 0.01 2.709 0.005 1.1928 0.0024 
R2-WE-BB6 10.22 0.02 3.547 0.007 0.4871 0.0010 
R2-TR-BB6 12.54 0.03 5.964 0.012 2.1180 0.0042 
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Pb Th U 
Sample Name mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
R3-WE-BB1 12.53 0.03 1.989 0.004 0.8183 0.0016 
R3-TR-BB2 13.09 0.03 5.862 0.012 2.1639 0.0043 
R3-WE-BB2 16.87 0.03 2.675 0.005 0.7394 0.0015 
R3-TR-BB2 22.32 0.04 9.066 0.018 3.4090 0.0068 
R3-WEBB3 18.20 0.04 4.305 0.009 0.9135 0.0018 
R3-TR-BB3 21.09 0.04 6.764 0.014 2.8223 0.0056 
R3-WE-BB4 13.57 0.03 2.356 0.005 0.5098 0.0010 
R3-TR-BB4 15.71 0.03 11.246 0.022 2.5808 0.0052 
R3-WE-BB5 19.22 0.04 2.699 0.005 0.7945 0.0016 
R3-TR-BB5 22.27 0.04 7.631 0.015 2.5426 0.0051 
R3-WE-BB6 18.20 0.04 2.629 0.005 0.7860 0.0016 
R3-TR-BB6 19.63 0.04 6.045 0.012 2.2673 0.0045 
R4-WE-BB1 17.70 0.04 2.497 0.005 1.1311 0.0023 
R4-TR-BB1 18.37 0.04 5.982 0.012 2.8362 0.0057 
R4-WE-BB2 15.22 0.03 2.330 0.005 0.6672 0.0013 
R4-TR-BB2 18.54 0.04 7.854 0.016 2.5319 0.0051 
R4-WE-BB3 19.00 0.04 2.987 0.006 1.0534 0.0021 
R4-TR-BB3 19.09 0.04 6.148 0.012 2.7414 0.0055 
R4 -WE-BB4 14.34 0.03 3.375 0.007 0.6228 0.0012 
R4-TR-BB4 16.35 0.03 8.129 0.016 2.5988 0.0052 
R4-WE-BB5 16.93 0.03 2.785 0.006 0.6474 0.0013 
R4-TR-BB5 18.78 0.04 6.370 0.013 2.1149 0.0042 
R4-WE-BB6 18.89 0.04 2.807 0.006 0.7760 0.0016 
R4-TR-BB6 20.80 0.04 5.594 0.011 2.3145 0.0046 
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Appendix 2: Deception Bay extraction data 
BACKGROUND SAMPLING SITES 
 
Al Ti V Cr 
 
mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-WB 579 1 10.15 0.02 1.638 0.003 170 0.3 
TR-WB 1529 3 99.75 0.2 10.539 0.021 602.2 1.2 
WE-BJ 355 1 5.93 0.01 1.398 0.003 151 0.3 
TR-BJ 1051 2 64.75 0.13 7.863 0.016 468.3 0.9 
WE-CR 18438 37 1483.3 2.97 68.278 0.137 146.5 0.3 
TR-CR 45777 92 760.16 1.52 177.724 0.355 353.7 0.7 
         
 
Mn Fe Co Ni 
 
mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-WB 19.14 0.04 3823 8 1.271 0.003 10.05 0.02 
TR-WB 34.06 0.07 5154 10 1.669 0.003 13.85 0.03 
WE-BJ 16.94 0.03 3236 6 1.069 0.002 8.78 0.02 
TR-BJ 25.34 0.05 4071 8 1.306 0.003 10.48 0.02 
WE-CR 493.16 0.99 29103 58 21.828 0.044 48.12 0.1 
TR-CR 645.57 1.29 56490 113 21.995 0.044 46.9 0.09 
         
 
Cu Zn Ga As 
 
mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-WB 2.568 0.005 3.367 0.007 0.738 0.001 0.969 0.002 
TR-WB 3.557 0.007 6.366 0.013 0.794 0.002 1.303 0.003 
WE-BJ 2.317 0.005 1.213 0.002 0.485 0.001 0.457 0.001 
TR-BJ 2.696 0.005 5.06 0.01 0.591 0.001 0.712 0.001 
WE-CR 27.097 0.054 37.185 0.074 5.965 0.012 3.09 0.006 
TR-CR 29.791 0.06 44.33 0.089 13.728 0.027 8.251 0.017 
 
 
Cd Sb Te 
 
mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-WB 0.01069 0.00002 0.05138 0.0001 0.02804 0.00561 
TR-WB 0.01578 0.00003 0.18838 0.00038 0 0 
WE-BJ 0.00614 0.00001 0.04351 0.00009 0 0 
TR-BJ 0.00707 0.00001 0.21691 0.00043 0 0 
WE-CR 0.05226 0.0001 0.21076 0.00042 0.00017 0.00003 
TR-CR 0.13348 0.00027 0.31203 0.00062 0.02248 0.0045 
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Ce Hg Tl 
 
mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-WB 1.578 0.003 0.0185 0.0037 0.00076 0.00001 
TR-
WB 
4.051 0.008 0.00792 0.00158 0.02083 0.00004 
WE-BJ 1.127 0.002 0.02302 0.0046 0.00076 0.00001 
TR-BJ 2.585 0.005 0.02302 0.0046 0.01344 0.00003 
WE-
CR 
7.401 0.015 0.00024 0.00005 0.01667 0.00003 
TR-CR 19.056 0.038 0.04494 0.00899 0.07554 0.00015 
   
    
 
Pb Th U 
 
mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-
WB 
0.484 0.001 0.198 0.0004 0.0402 0.0001 
TR-
WB 
1.087 0.002 0.6845 0.0014 0.2681 0.0005 
WE-BJ 0.473 0.001 0.0893 0.0002 0.0331 0.0001 
TR-BJ 0.929 0.002 0.5072 0.001 0.2264 0.0005 
WE-
CR 
2.41 0.005 0.7841 0.0016 0.0997 0.0002 
TR-CR 4.235 0.008 1.4689 0.0029 0.7453 0.0015 
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SAMPLING SITES 
 
Al Ti V 
 
mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R2-DB1 17508 35 239.04 0.48 46.482 0.093 
TR-R2-DB1 53321 107 389.06 0.78 120.283 0.241 
WE-R2-DB2 19830 40 415.61 0.83 34.994 0.07 
TR-R2-DB2 37398 75 935.92 1.87 87.931 0.176 
WE-R2-DB3 9101 18 188.62 0.38 16.132 0.032 
TR-R2-DB3 21617 43 670.84 1.34 51.445 0.103 
WE-R2-DB4 5687 11 95.92 0.19 12.334 0.025 
TR-R2-DB4 16098 32 273.98 0.55 26.327 0.053 
WE-R2-DB5 2246 4 43.5 0.09 5.482 0.011 
TR-R2-DB5 5781 12 313.45 0.63 14.992 0.03 
WE-R2-DB6 2319 5 39.9 0.08 4.78 0.01 
TR-R2-DB6 5754 12 241.69 0.48 14.138 0.028 
WE-R2-DB7 15679 31 235.98 0.47 29.765 0.06 
TR-R2-DB7 31412 63 562.26 1.12 54.236 0.108 
WE-R2-DB8 22220 44 374.54 0.75 40.793 0.082 
TR-R2-DB8 49954 100 624.95 1.25 86.064 0.172 
WE-R2-DB9 2990 6 61.34 0.12 6.829 0.014 
TR-R2-DB9 8436 17 334.07 0.67 17.628 0.035 
WE-R2-DB10 31476 63 526.83 1.05 57.411 0.115 
TR-R2-DB10 68693 137 400.91 0.8 92.139 0.184 
WE-R2-DB11 7528 15 144.65 0.29 15.002 0.03 
TR-R2-DB11 19936 40 421.89 0.84 40.956 0.082 
WE-R2-DB12 22708 45 411.5 0.82 44.1 0.088 
TR-R2-DB12 57026 114 548.55 1.1 88.41 0.177 
WE-R2-DB13 19584 39 361.6 0.72 36.64 0.073 
TR-R2-DB13 37764 76 723.8 1.45 73.007 0.146 
WE-R3-DB1 2487 5 41.1 0.1 7.53 0.02 
TR-R3-DB1 15915 32 499.4 1 51.44 0.1 
WE-R3-DB2 12879 26 285.6 0.6 30.44 0.06 
TR-R3-DB2 38534 77 842.8 1.7 86.61 0.17 
WE-R3-DB3 6534 13 129.5 0.3 13.95 0.03 
TR-R3-DB3 22468 45 787.6 1.6 45.36 0.09 
WE-R3-DB4 5897 12 101.4 0.2 14.65 0.03 
TR-R3-DB4 24759 50 354.2 0.7 35.67 0.07 
WE-R3-DB5 1819 4 34.6 0.1 5.28 0.01 
TR-R3-DB5 6899 14 220.1 0.4 10.8 0.02 
WE-R3-DB6 2982 6 53.3 0.1 7.38 0.01 
TR-R3-DB6 11132 22 329.6 0.7 17.4 0.03 
WE-R3-DB7 13219 26 232.1 0.5 29.72 0.06 
TR-R3-DB7 35646 71 548.8 1.1 61.37 0.12 
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  Al Ti V 
  mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R3-DB8 18621 37 352.8 0.7 40.35 0.08 
TR-R3-DB8 53722 107 519 1 93.33 0.19 
WE-R3-DB9 3251 7 67.4 0.1 7.72 0.02 
TR-R3-DB9 9805 20 256 0.5 15.23 0.03 
WE-R3-DB10 21149 42 409.4 0.8 45.45 0.09 
TR-R3-DB10 68610 137 447.7 0.9 87.35 0.17 
WE-R3-DB11 6360 13 122.8 0.2 15.11 0.03 
TR-R3-DB11 18953 38 346.2 0.7 35.22 0.07 
WE-R3-DB12 16500 33 317.5 0.6 37.37 0.07 
TR-R3-DB12 54497 109 444.5 0.9 90.37 0.18 
WE-R3-DB13 15598 31 314 0.6 39.29 0.08 
TR-R3-DB13 44289 89 528.1 1.1 85.87 0.17 
WE-R4-DB1 4964 10 95.7 0.2 16.13 0.03 
TR-R4-DB1 26865 54 239.7 0.5 89.69 0.18 
WE-R4-DB2 11501 23 259.6 0.5 27.84 0.06 
TR-R4-DB2 34767 70 596.3 1.2 89.05 0.18 
WE-R4-DB3 7392 15 145.9 0.3 15.47 0.03 
TR-R4-DB3 21090 42 379 0.8 51.14 0.1 
WE-R4-DB4 4358 9 78.6 0.2 10.97 0.02 
TR-R4-DB4 13966 28 305.2 0.6 20.34 0.04 
WE-R4-DB5 1364 3 22.5 0 4.06 0.01 
TR-R4-DB5 6071 12 247.2 0.5 10.45 0.02 
WE-R4-DB6 2821 6 45.6 0.1 7.7 0.02 
TR-R4-DB6 6893 14 236.1 0.5 11.49 0.02 
WE-R4-DB7 15650 31 250.9 0.5 32.76 0.07 
TR-R4-DB7 39671 79 428 0.9 63.51 0.13 
WE-R4-DB8 17721 35 332.9 0.7 36.23 0.07 
TR-R4-DB8 48694 97 655.8 1.3 94.76 0.19 
WE-R4-DB9 2550 5 51.6 0.1 6.29 0.01 
TR-R4-DB9 8533 17 216.8 0.4 14.34 0.03 
WE-R4-DB10 21786 44 398.5 0.8 45.18 0.09 
TR-R4-DB10 70638 141 386.5 0.8 107.33 0.21 
WE-R4-DB11 8336 17 158.4 0.3 18.15 0.04 
TR-R4-DB11 28248 56 306.3 0.6 48.23 0.1 
WE-R4-DB12 17276 35 314.3 0.6 39.04 0.08 
TR-R4-DB12 56044 112 529.7 1.1 91.09 0.18 
WE-R4-DB13 17386 35 326.5 0.7 37.97 0.08 
TR-R4-DB13 55217 110 325.5 0.7 97.27 0.19 
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  Cr Mn Fe Co 
  mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R2-DB1 79.8 0.2 243.51 0.49 26980 54 14.641 0.029 
TR-R2-DB1 195.8 0.4 361.54 0.72 43844 88 17.408 0.035 
WE-R2-DB2 57.6 0.1 446.66 0.89 27099 54 13.722 0.027 
TR-R2-DB2 179.2 0.4 532.2 1.06 41407 83 17.586 0.035 
WE-R2-DB3 84.3 0.2 232.54 0.47 17214 34 8.292 0.017 
TR-R2-DB3 301.7 0.6 333.15 0.67 28627 57 11.592 0.023 
WE-R2-DB4 99.7 0.2 140.57 0.28 10027 20 4.316 0.009 
TR-R2-DB4 321.6 0.6 150.7 0.3 13789 28 5.475 0.011 
WE-R2-DB5 102.4 0.2 87.36 0.17 4766 10 1.929 0.004 
TR-R2-DB5 340.6 0.7 97 0.19 6655 13 2.548 0.005 
WE-R2-DB6 103.8 0.2 111.93 0.22 4877 10 2.272 0.005 
TR-R2-DB6 358.1 0.7 111 0.22 6556 13 2.868 0.006 
WE-R2-DB7 54.2 0.1 657.54 1.32 39251 79 16.464 0.033 
TR-R2-DB7 123.3 0.2 529.93 1.06 44901 90 18.014 0.036 
WE-R2-DB8 58 0.1 545.31 1.09 33998 68 16.564 0.033 
TR-R2-DB8 131.7 0.3 518.14 1.04 46881 94 19.688 0.039 
WE-R2-DB9 86.1 0.2 260.41 0.52 6328 13 2.825 0.006 
TR-R2-DB9 303.5 0.6 236.39 0.47 8725 17 3.76 0.008 
WE-R2-DB10 75.3 0.2 599.31 1.2 39789 80 18.308 0.037 
TR-R2-DB10 134.5 0.3 518.34 1.04 49296 99 19.928 0.04 
WE-R2-DB11 73.1 0.1 418.05 0.84 17133 34 9.524 0.019 
TR-R2-DB11 242.1 0.5 413.95 0.83 25456 51 12.528 0.025 
WE-R2-DB12 53.7 0.1 744.41 1.49 34007 68 16.917 0.034 
TR-R2-DB12 126.8 0.3 648.07 1.3 48266 97 20.713 0.041 
WE-R2-DB13 53 0.1 656.7 1.31 29260 59 14.529 0.029 
TR-R2-DB13 123.5 0.2 559.34 1.12 38009 76 16.434 0.033 
WE-R3-DB1 6.26 0.01 123.2 0.2 4938 10 3.98 0.01 
TR-R3-DB1 81.83 0.16 213.5 0.4 14654 29 5.44 0.01 
WE-R3-DB2 27.36 0.05 480.6 1 24511 49 12.6 0.03 
TR-R3-DB2 92.43 0.18 510.8 1 42306 85 17.46 0.03 
WE-R3-DB3 13.49 0.03 208.4 0.4 15969 32 7.66 0.02 
TR-R3-DB3 42.24 0.08 316.1 0.6 27570 55 11.49 0.02 
WE-R3-DB4 12.36 0.02 196.7 0.4 11797 24 5.44 0.01 
TR-R3-DB4 30.48 0.06 230.2 0.5 19368 39 7.93 0.02 
WE-R3-DB5 3.73 0.01 96.2 0.2 3242 6 1.49 0 
TR-R3-DB5 7.86 0.02 87.4 0.2 4758 10 1.98 0 
WE-R3-DB6 6.14 0.01 255.1 0.5 5222 10 2.49 0 
TR-R3-DB6 13.67 0.03 253.4 0.5 8169 16 3.54 0.01 
WE-R3-DB7 30.25 0.06 651.7 1.3 38884 78 16.36 0.03 
TR-R3-DB7 56.15 0.11 581.7 1.2 47133 94 19.22 0.04 
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  Cr Mn Fe Co 
  mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R3-DB8 39.96 0.08 465 0.9 34806 70 16.72 0.03 
TR-R3-DB8 92.01 0.18 483 1 50104 100 20.32 0.04 
WE-R3-DB9 6.32 0.01 260.7 0.5 6490 13 3.36 0.01 
TR-R3-DB9 12.68 0.03 319.5 0.6 8222 16 3.7 0.01 
WE-R3-DB10 42 0.08 420.5 0.8 32875 66 15.8 0.03 
TR-R3-DB10 86.12 0.17 431.7 0.9 46879 94 18.96 0.04 
WE-R3-DB11 14.99 0.03 415.5 0.8 17278 35 9.65 0.02 
TR-R3-DB11 29.79 0.06 362.7 0.7 22537 45 11.04 0.02 
WE-R3-DB12 35.91 0.07 693 1.4 31381 63 16.57 0.03 
TR-R3-DB12 94.91 0.19 613.7 1.2 48763 98 21.44 0.04 
WE-R3-DB13 33.1 0.07 806.2 1.6 33876 68 17.37 0.03 
TR-R3-DB13 89.3 0.18 682.3 1.4 48967 98 20.94 0.04 
WE-R4-DB1 13.82 0.03 137.1 0.3 9826 20 6.06 0.01 
TR-R4-DB1 54.88 0.11 276.2 0.6 23983 48 7.87 0.02 
WE-R4-DB2 23.47 0.05 531.2 1.1 25574 51 13.29 0.03 
TR-R4-DB2 101.93 0.2 529.3 1.1 40241 80 17 0.03 
WE-R4-DB3 14.91 0.03 328.3 0.7 18105 36 8.73 0.02 
TR-R4-DB3 56.7 0.11 383.5 0.8 29571 59 12.42 0.02 
WE-R4-DB4 9.09 0.02 192.9 0.4 8945 18 3.79 0.01 
TR-R4-DB4 17.12 0.03 170 0.3 11553 23 4.82 0.01 
WE-R4-DB5 2.85 0.01 102.6 0.2 2486 5 1.22 0 
TR-R4-DB5 8.08 0.02 110.9 0.2 4182 8 1.76 0 
WE-R4-DB6 5.53 0.01 316 0.6 5298 11 2.81 0.01 
TR-R4-DB6 10.58 0.02 299.1 0.6 5312 11 2.81 0.01 
WE-R4-DB7 32.31 0.06 638 1.3 39664 79 16.68 0.03 
TR-R4-DB7 57.72 0.12 562.3 1.1 48288 97 19.47 0.04 
WE-R4-DB8 35.3 0.07 540.1 1.1 31889 64 15.47 0.03 
TR-R4-DB8 93.17 0.19 538 1.1 49475 99 20.26 0.04 
WE-R4-DB9 4.85 0.01 170.3 0.3 4715 9 2.37 0 
TR-R4-DB9 11.41 0.02 175.6 0.4 7880 16 3.48 0.01 
WE-R4-DB10 42.1 0.08 468.1 0.9 34240 68 15.72 0.03 
TR-R4-DB10 97.01 0.19 494.6 1 54204 108 21.26 0.04 
WE-R4-DB11 17.93 0.04 440.9 0.9 18090 36 10.06 0.02 
TR-R4-DB11 42.3 0.08 437.5 0.9 29773 60 13.51 0.03 
WE-R4-DB12 36.67 0.07 887.9 1.8 30929 62 15.42 0.03 
TR-R4-DB12 99.6 0.2 694.8 1.4 49166 98 21.25 0.04 
WE-R4-DB13 35.95 0.07 730.8 1.5 30359 61 14.91 0.03 
TR-R4-DB13 111.19 0.22 727.8 1.5 51954 104 22.64 0.05 
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  Ni Cu Zn 
  mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R2-DB1 20.91 0.04 20.486 0.041 49.413 0.099 
TR-R2-DB1 29.61 0.06 25.825 0.052 71.422 0.143 
WE-R2-DB2 15.24 0.03 8.225 0.016 41.561 0.083 
TR-R2-DB2 24.15 0.05 13.229 0.026 63.099 0.126 
WE-R2-DB3 10.76 0.02 4.168 0.008 21.571 0.043 
TR-R2-DB3 17.36 0.03 7.75 0.015 36.84 0.074 
WE-R2-DB4 9.86 0.02 4.714 0.009 15.011 0.03 
TR-R2-DB4 13.18 0.03 6.564 0.013 21.411 0.043 
WE-R2-DB5 7.21 0.01 2.553 0.005 4.694 0.009 
TR-R2-DB5 9.4 0.02 4.854 0.01 8.895 0.018 
WE-R2-DB6 7.7 0.02 2.635 0.005 5.19 0.01 
TR-R2-DB6 9.42 0.02 3.904 0.008 11.595 0.023 
WE-R2-DB7 14.87 0.03 6.492 0.013 43.93 0.088 
TR-R2-DB7 20.23 0.04 9.368 0.019 61.533 0.123 
WE-R2-DB8 19.91 0.04 13.267 0.027 111.833 0.224 
TR-R2-DB8 28.72 0.06 18.607 0.037 117.533 0.235 
WE-R2-DB9 7.46 0.01 3.107 0.006 8.765 0.018 
TR-R2-DB9 9.78 0.02 4.583 0.009 15.904 0.032 
WE-R2-DB10 27.36 0.05 18.213 0.036 82.554 0.165 
TR-R2-DB10 35.96 0.07 22.247 0.044 101.672 0.203 
WE-R2-DB11 10.41 0.02 4.671 0.009 23.808 0.048 
TR-R2-DB11 16 0.03 8.151 0.016 37.436 0.075 
WE-R2-DB12 20.6 0.04 12.454 0.025 58.516 0.117 
TR-R2-DB12 31.57 0.06 18.48 0.037 80.392 0.161 
WE-R2-DB13 16.92 0.03 9.003 0.018 47.479 0.095 
TR-R2-DB13 23.85 0.05 12.835 0.026 57.719 0.115 
WE-R3-DB1 2.8 0.01 1.954 0.004 7.79 0.02 
TR-R3-DB1 6.7 0.01 4.073 0.008 17.01 0.03 
WE-R3-DB2 12.73 0.03 7.409 0.015 38.52 0.08 
TR-R3-DB2 22.73 0.05 13.34 0.027 62.87 0.13 
WE-R3-DB3 6.45 0.01 3.098 0.006 21.72 0.04 
TR-R3-DB3 12.07 0.02 6.147 0.012 33.39 0.07 
WE-R3-DB4 5.77 0.01 3.825 0.008 17.93 0.04 
TR-R3-DB4 11.41 0.02 6.86 0.014 29.07 0.06 
WE-R3-DB5 1.72 0 1.245 0.002 5.31 0.01 
TR-R3-DB5 3.25 0.01 3.051 0.006 5.31 0.01 
WE-R3-DB6 3.14 0.01 1.93 0.004 8.86 0.02 
TR-R3-DB6 6.62 0.01 3.719 0.007 22.12 0.04 
WE-R3-DB7 14.41 0.03 7.29 0.015 48.04 0.1 
TR-R3-DB7 22.08 0.04 10.945 0.022 83.51 0.17 
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  Ni Cu Zn 
  mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R3-DB8 19.01 0.04 11.042 0.022 56.51 0.11 
TR-R3-DB8 30.4 0.06 17.96 0.036 86.14 0.17 
WE-R3-DB9 3.39 0.01 2.256 0.005 9.7 0.02 
TR-R3-DB9 5.15 0.01 3.201 0.006 9.7 0.02 
WE-R3-DB10 21.28 0.04 14.774 0.03 71 0.14 
TR-R3-DB10 33.57 0.07 20.882 0.042 91.19 0.18 
WE-R3-DB11 7.72 0.02 4.066 0.008 25.25 0.05 
TR-R3-DB11 11.82 0.02 5.918 0.012 28.36 0.06 
WE-R3-DB12 17.35 0.03 10.474 0.021 53.46 0.11 
TR-R3-DB12 29.93 0.06 18.306 0.037 73.04 0.15 
WE-R3-DB13 16.18 0.03 8.873 0.018 47.44 0.09 
TR-R3-DB13 26.01 0.05 14.98 0.03 60.04 0.12 
WE-R4-DB1 5.615 0.01 4.266 0.009 23.39 0.05 
TR-R4-DB1 9.022 0.02 6.762 0.014 23.39 0.05 
WE-R4-DB2 11.661 0.02 6.016 0.012 35.15 0.07 
TR-R4-DB2 22.752 0.05 13.13 0.026 56.43 0.11 
WE-R4-DB3 7.038 0.01 3.172 0.006 23.55 0.05 
TR-R4-DB3 13.506 0.03 7.36 0.015 33.58 0.07 
WE-R4-DB4 4.252 0.01 2.862 0.006 14.25 0.03 
TR-R4-DB4 5.529 0.01 4.48 0.009 14.25 0.03 
WE-R4-DB5 1.352 0 0.919 0.002 4.85 0.01 
TR-R4-DB5 1.905 0 1.772 0.004 4.85 0.01 
WE-R4-DB6 2.914 0.01 1.754 0.004 8.62 0.02 
TR-R4-DB6 3.052 0.01 2.99 0.006 8.62 0.02 
WE-R4-DB7 15.434 0.03 8.228 0.016 48.32 0.1 
TR-R4-DB7 20.872 0.04 12.435 0.025 54.5 0.11 
WE-R4-DB8 17.471 0.04 9.904 0.02 52.26 0.1 
TR-R4-DB8 29.98 0.06 17.753 0.036 76.75 0.15 
WE-R4-DB9 2.634 0.01 1.737 0.003 9.19 0.02 
TR-R4-DB9 4.222 0.01 3.245 0.006 9.19 0.02 
WE-R4-DB10 21.043 0.04 14.385 0.029 68.81 0.14 
TR-R4-DB10 36.733 0.07 23.499 0.047 99.38 0.2 
WE-R4-DB11 9.297 0.02 5.142 0.01 29.34 0.06 
TR-R4-DB11 16.182 0.03 10.132 0.02 37.4 0.07 
WE-R4-DB12 17.595 0.04 10.592 0.021 53.88 0.11 
TR-R4-DB12 31.621 0.06 18.749 0.037 84.01 0.17 
WE-R4-DB13 16.727 0.03 10.217 0.02 52.18 0.1 
TR-R4-DB13 31.591 0.06 18.115 0.036 83.17 0.17 
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  Ga As Cd 
  mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R2-DB1 7.221 0.014 5.669 0.011 0.02852 0.00006 
TR-R2-DB1 14.148 0.028 10.664 0.021 0.07948 0.00016 
WE-R2-DB2 7.098 0.014 6.217 0.012 0.01697 0.00003 
TR-R2-DB2 10.403 0.021 10.398 0.021 0.05692 0.00011 
WE-R2-DB3 3.929 0.008 3.927 0.008 0 0 
TR-R2-DB3 6.192 0.012 6.116 0.012 0.04215 0.00008 
WE-R2-DB4 2.545 0.005 3.575 0.007 0.00905 0.00002 
TR-R2-DB4 4.096 0.008 4.074 0.008 0.03996 0.00008 
WE-R2-DB5 1.518 0.003 2.007 0.004 0.0082 0.00002 
TR-R2-DB5 1.926 0.004 2.672 0.005 0.01995 0.00004 
WE-R2-DB6 1.851 0.004 1.951 0.004 0.01079 0.00002 
TR-R2-DB6 1.928 0.004 2.857 0.006 0.02565 0.00005 
WE-R2-DB7 5.992 0.012 8.666 0.017 0.02073 0.00004 
TR-R2-DB7 8.753 0.018 12.548 0.025 0.03599 0.00007 
WE-R2-DB8 8.444 0.017 6.468 0.013 0.0131 0.00003 
TR-R2-DB8 13.244 0.026 11.842 0.024 0.04056 0.00008 
WE-R2-DB9 1.505 0.003 2.34 0.005 0.01414 0.00003 
TR-R2-DB9 2.342 0.005 3.251 0.007 0.02484 0.00005 
WE-R2-DB10 10.394 0.021 5.903 0.012 0.01558 0.00003 
TR-R2-DB10 16.823 0.034 9.104 0.018 0.04089 0.00008 
WE-R2-DB11 3.42 0.007 3.74 0.007 0.00616 0.00001 
TR-R2-DB11 6.236 0.012 7.295 0.015 0.02396 0.00005 
WE-R2-DB12 8.526 0.017 7.077 0.014 0.01741 0.00003 
TR-R2-DB12 13.726 0.027 10.987 0.022 0.06004 0.00012 
WE-R2-DB13 6.805 0.014 6.869 0.014 0.0116 0.00002 
TR-R2-DB13 9.919 0.02 9.959 0.02 0.04962 0.0001 
WE-R3-DB1 1.367 0.003 3.165 0.006 0.00759 0.00002 
TR-R3-DB1 5.174 0.01 4.877 0.01 0.03529 0.00007 
WE-R3-DB2 5.236 0.01 5.947 0.012 0.00393 0.00001 
TR-R3-DB2 10.384 0.021 10.348 0.021 0.03312 0.00007 
WE-R3-DB3 2.942 0.006 3.423 0.007 0.00162 0.00001 
TR-R3-DB3 6.016 0.012 6.704 0.013 0.02269 0.00005 
WE-R3-DB4 2.394 0.005 4.352 0.009 0.00161 0.00001 
TR-R3-DB4 5.998 0.012 4.823 0.01 0.01819 0.00004 
WE-R3-DB5 0.994 0.002 2.297 0.005 0.00572 0.00001 
TR-R3-DB5 1.714 0.003 3.358 0.007 0.00647 0.00001 
WE-R3-DB6 1.524 0.003 2.571 0.005 0 0 
TR-R3-DB6 3.252 0.007 3.08 0.006 0.01901 0.00004 
WE-R3-DB7 4.989 0.01 7.791 0.016 0.00215 0.00001 
TR-R3-DB7 10.143 0.02 12.291 0.025 0.03782 0.00008 
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  Ga As Cd 
  mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R3-DB8 6.854 0.014 6.511 0.013 0.01193 0.00002 
TR-R3-DB8 14.044 0.028 11.588 0.023 0.04889 0.0001 
WE-R3-DB9 1.643 0.003 2.636 0.005 0.00715 0.00001 
TR-R3-DB9 2.57 0.005 4.032 0.008 0.01383 0.00003 
WE-R3-DB10 8.343 0.017 4.548 0.009 0.00206 0.00001 
TR-R3-DB10 15.991 0.032 9.122 0.018 0.04737 0.00009 
WE-R3-DB11 2.615 0.005 4.159 0.008 0.00981 0.00002 
TR-R3-DB11 5.257 0.011 6.19 0.012 0.01556 0.00003 
WE-R3-DB12 6.426 0.013 6.851 0.014 0.01265 0.00003 
TR-R3-DB12 13.484 0.027 10.539 0.021 0.05706 0.00011 
WE-R3-DB13 5.702 0.011 8.082 0.016 0.0097 0.00002 
TR-R3-DB13 11.482 0.023 10.18 0.02 0.04187 0.00008 
WE-R4-DB1 4.465 0.009 2.881 0.006 0.00881 0.00002 
TR-R4-DB1 7.896 0.016 6.233 0.012 0.07892 0.00016 
WE-R4-DB2 5.233 0.01 5.417 0.011 0.01291 0.00003 
TR-R4-DB2 10.142 0.02 10.697 0.021 0.04932 0.0001 
WE-R4-DB3 3.273 0.007 4.365 0.009 0.0089 0.00002 
TR-R4-DB3 6.171 0.012 5.549 0.011 0.04561 0.00009 
WE-R4-DB4 1.922 0.004 3.972 0.008 0.00956 0.00002 
TR-R4-DB4 3.491 0.007 6.428 0.013 0.02633 0.00005 
WE-R4-DB5 0.728 0.001 2.085 0.004 0.00297 0.00001 
TR-R4-DB5 2.01 0.004 2.996 0.006 0.01698 0.00003 
WE-R4-DB6 1.289 0.003 3.14 0.006 0.00157 0 
TR-R4-DB6 1.98 0.004 3.528 0.007 0.01161 0.00002 
WE-R4-DB7 5.517 0.011 9.337 0.019 0.00849 0.00002 
TR-R4-DB7 10.422 0.021 12.856 0.026 0.03787 0.00008 
WE-R4-DB8 6.878 0.014 6.988 0.014 0.00218 0 
TR-R4-DB8 13.784 0.028 12.598 0.025 0.05862 0.00012 
WE-R4-DB9 0.99 0.002 1.857 0.004 0.0038 0.00001 
TR-R4-DB9 2.279 0.005 2.828 0.006 0.01385 0.00003 
WE-R4-DB10 8.27 0.017 4.913 0.01 0.0224 0.00004 
TR-R4-DB10 17.437 0.035 9.582 0.019 0.09343 0.00019 
WE-R4-DB11 3.368 0.007 3.905 0.008 0.01893 0.00004 
TR-R4-DB11 8.372 0.017 9.365 0.019 0.02847 0.00006 
WE-R4-DB12 6.367 0.013 6.855 0.014 0.00606 0.00001 
TR-R4-DB12 13.842 0.028 16.878 0.034 0.04828 0.0001 
WE-R4-DB13 6.806 0.014 6.096 0.012 0.0226 0.00005 
TR-R4-DB13 13.901 0.028 11.607 0.023 0.05087 0.0001 
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  Sb Te Ce 
  mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R2-DB1 0.08995 0.00018 0.00973 0.00195 28.264 0.057 
TR-R2-DB1 0.20225 0.0004 0.02873 0.00575 35.901 0.072 
WE-R2-DB2 0.08582 0.00017 0.00877 0.00175 34.699 0.069 
TR-R2-DB2 0.06002 0.00012 0.0204 0.00408 43.926 0.088 
WE-R2-DB3 0.06959 0.00014 0 0 17.551 0.035 
TR-R2-DB3 0.09773 0.0002 0.03156 0.00631 27.377 0.055 
WE-R2-DB4 0.07318 0.00015 0.00767 0.00153 9.191 0.018 
TR-R2-DB4 0.12467 0.00025 0 0 12.676 0.025 
WE-R2-DB5 0.06601 0.00013 0 0 7.164 0.014 
TR-R2-DB5 0.09837 0.0002 0 0 13.049 0.026 
WE-R2-DB6 0.06379 0.00013 0 0 4.366 0.009 
TR-R2-DB6 0.19284 0.00039 0 0 8.743 0.017 
WE-R2-DB7 0.07009 0.00014 0.02525 0.00505 46.99 0.094 
TR-R2-DB7 0.27155 0.00054 0.04374 0.00875 49.956 0.1 
WE-R2-DB8 0.08178 0.00016 0.00856 0.00171 41.781 0.084 
TR-R2-DB8 0.24497 0.00049 0 0 43.411 0.087 
WE-R2-DB9 0.06179 0.00012 0.01702 0.0034 5.901 0.012 
TR-R2-DB9 0.13063 0.00026 0.01929 0.00386 9.054 0.018 
WE-R2-DB10 0.13001 0.00026 0.01672 0.00334 46.527 0.093 
TR-R2-DB10 0.08355 0.00017 0.04202 0.0084 42.962 0.086 
WE-R2-DB11 0.07626 0.00015 0.00823 0.00165 21.489 0.043 
TR-R2-DB11 0.09854 0.0002 0 0 32.917 0.066 
WE-R2-DB12 0.1071 0.00021 0.00999 0.002 49.558 0.099 
TR-R2-DB12 0.00719 0.00001 0.06528 0.01306 47.092 0.094 
WE-R2-DB13 0.1079 0.00022 0 0 49.444 0.099 
TR-R2-DB13 0.06195 0.00012 0.01925 0.00385 43.988 0.088 
WE-R3-DB1 0.0269 0.0001 0.01187 0.00237 6.99 0.01 
TR-R3-DB1 1.0035 0.002 0.00949 0.0019 16.12 0.03 
WE-R3-DB2 0.1031 0.0002 0.00865 0.00173 31.7 0.06 
TR-R3-DB2 0.1108 0.0002 0.02669 0.00534 47.78 0.1 
WE-R3-DB3 0.054 0.0001 0.024 0.0048 12.71 0.03 
TR-R3-DB3 0.1578 0.0003 0.00933 0.00187 42.05 0.08 
WE-R3-DB4 0.0562 0.0001 0 0 12.55 0.03 
TR-R3-DB4 0.0466 0.0001 0.01056 0.00211 16.18 0.03 
WE-R3-DB5 0.0311 0.0001 0 0 6.16 0.01 
TR-R3-DB5 0.1298 0.0003 0.02719 0.00544 6.3 0.01 
WE-R3-DB6 0.0264 0.0001 0 0 6.15 0.01 
TR-R3-DB6 0.2148 0.0004 0.01894 0.00379 10.27 0.02 
WE-R3-DB7 0.1056 0.0002 0 0 33.72 0.07 
TR-R3-DB7 0.381 0.0008 0.17252 0.0345 40.94 0.08 
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  Sb Te Ce 
  mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R3-DB8 0.1065 0.0002 0.04331 0.00866 41.97 0.08 
TR-R3-DB8 0.443 0.0009 0 0 41.16 0.08 
WE-R3-DB9 0.0409 0.0001 0 0 6.21 0.01 
TR-R3-DB9 0.2378 0.0005 0 0 6.72 0.01 
WE-R3-DB10 0.0958 0.0002 0.01899 0.0038 41.07 0.08 
TR-R3-DB10 0.2276 0.0005 0.00873 0.00175 41.15 0.08 
WE-R3-DB11 0.0375 0.0001 0.00793 0.00159 21.59 0.04 
TR-R3-DB11 0.1521 0.0003 0 0 34.22 0.07 
WE-R3-DB12 0.098 0.0002 0.01897 0.00379 46 0.09 
TR-R3-DB12 0 0 0.05492 0.01098 48.82 0.1 
WE-R3-DB13 0.0862 0.0002 0.00989 0.00198 63.24 0.13 
TR-R3-DB13 0.1164 0.0002 0.03841 0.00768 51.42 0.1 
WE-R4-DB1 0.0529 0.0001 0.008 0.002 12.93 0.03 
TR-R4-DB1 0.1069 0.0002 0.023 0.005 20.7 0.04 
WE-R4-DB2 0.0796 0.0002 0.008 0.002 38.43 0.08 
TR-R4-DB2 0.2436 0.0005 0.039 0.008 48.24 0.1 
WE-R4-DB3 0.0632 0.0001 0.008 0.002 16.34 0.03 
TR-R4-DB3 0.075 0.0002 0.009 0.002 32.48 0.06 
WE-R4-DB4 0.0532 0.0001 0 0 9.03 0.02 
TR-R4-DB4 0.2051 0.0004 0.013 0.003 9.4 0.02 
WE-R4-DB5 0.0298 0.0001 0 0 3.19 0.01 
TR-R4-DB5 0.3177 0.0006 0 0 11.87 0.02 
WE-R4-DB6 0.0352 0.0001 0 0 5.86 0.01 
TR-R4-DB6 0.4653 0.0009 0 0 6.11 0.01 
WE-R4-DB7 0.0952 0.0002 0 0 34.8 0.07 
TR-R4-DB7 0.419 0.0008 0 0 48.73 0.1 
WE-R4-DB8 0.0879 0.0002 0.01 0.002 34.01 0.07 
TR-R4-DB8 0.9985 0.002 0.085 0.017 44.24 0.09 
WE-R4-DB9 0.027 0.0001 0 0 4.98 0.01 
TR-R4-DB9 0.3664 0.0007 0 0 8.23 0.02 
WE-R4-DB10 0.1102 0.0002 0.055 0.011 42.22 0.08 
TR-R4-DB10 0.5432 0.0011 0.065 0.013 47.92 0.1 
WE-R4-DB11 0.0639 0.0001 0 0 20.18 0.04 
TR-R4-DB11 0.2538 0.0005 0.02 0.004 46.18 0.09 
WE-R4-DB12 0.1028 0.0002 0.034 0.007 49.39 0.1 
TR-R4-DB12 0.3107 0.0006 0.031 0.006 53.9 0.11 
WE-R4-DB13 0.0807 0.0002 0.016 0.003 43.15 0.09 
TR-R4-DB13 0.0496 0.0001 0.056 0.011 47.84 0.1 
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  Hg Tl Pb 
  mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R2-DB1 0.20281 0.04056 0.07309 0.00015 8.377 0.017 
TR-R2-DB1 0.20281 0.04056 0.20568 0.00041 11.042 0.022 
WE-R2-DB2 0.0705 0.0141 0.05209 0.0001 8.367 0.017 
TR-R2-DB2 0.0705 0.0141 0.16131 0.00032 10.583 0.021 
WE-R2-DB3 0.00024 0.00005 0.03109 0.00006 3.86 0.008 
TR-R2-DB3 0.03158 0.00632 0.10213 0.0002 5.219 0.01 
WE-R2-DB4 0.00024 0.00005 0.03903 0.00008 3.383 0.007 
TR-R2-DB4 0.01974 0.00395 0.08705 0.00017 4.195 0.008 
WE-R2-DB5 0.00024 0.00005 0.00633 0.00001 1.715 0.003 
TR-R2-DB5 0.0078 0.00156 0.05303 0.00011 2.647 0.005 
WE-R2-DB6 0.00024 0.00005 0.00595 0.00001 1.704 0.003 
TR-R2-DB6 0.00544 0.00109 0.05044 0.0001 2.585 0.005 
WE-R2-DB7 0.07353 0.01471 0.05751 0.00012 8.125 0.016 
TR-R2-DB7 0.07353 0.01471 0.15921 0.00032 10.724 0.021 
WE-R2-DB8 0.04994 0.00999 0.06272 0.00013 12.416 0.025 
TR-R2-DB8 0.09586 0.01917 0.20859 0.00042 15.764 0.032 
WE-R2-DB9 0.00024 0.00005 0.00076 0.00001 2.324 0.005 
TR-R2-DB9 0.02815 0.00563 0.0521 0.0001 4.093 0.008 
WE-R2-DB10 0.14064 0.02813 0.11133 0.00022 17.308 0.035 
TR-R2-DB10 0.14064 0.02813 0.27072 0.00054 17.308 0.035 
WE-R2-DB11 0.00024 0.00005 0.01996 0.00004 5.272 0.011 
TR-R2-DB11 0.01345 0.00269 0.10045 0.0002 6.367 0.013 
WE-R2-DB12 0.0585 0.0117 0.0687 0.00014 13.057 0.026 
TR-R2-DB12 0.0585 0.0117 0.18106 0.00036 12.994 0.026 
WE-R2-DB13 0.03369 0.00674 0.05888 0.00012 9.537 0.019 
TR-R2-DB13 0.09833 0.01967 0.16191 0.00032 10.757 0.022 
WE-R3-DB1 0.00842 0.00168 0.01608 0.00003 1.818 0.004 
TR-R3-DB1 0.08086 0.01617 0.0724 0.00014 3.39 0.007 
WE-R3-DB2 0.01105 0.00221 0.03122 0.00006 7.718 0.015 
TR-R3-DB2 0.06206 0.01241 0.15051 0.0003 10.113 0.02 
WE-R3-DB3 0.01193 0.00239 0.02565 0.00005 3.58 0.007 
TR-R3-DB3 0.07465 0.01493 0.12202 0.00024 6.51 0.013 
WE-R3-DB4 0.0065 0.0013 0.04591 0.00009 3.932 0.008 
TR-R3-DB4 0.10816 0.02163 0.11437 0.00023 4.708 0.009 
WE-R3-DB5 0.00024 0.00005 0.00076 0.00001 1.624 0.003 
TR-R3-DB5 0.03615 0.00723 0.06368 0.00013 2.368 0.005 
WE-R3-DB6 0.00024 0.00005 0.00224 0.00001 2.37 0.005 
TR-R3-DB6 0.11191 0.02238 0.06428 0.00013 3.509 0.007 
WE-R3-DB7 0.0573 0.01146 0.04356 0.00009 8.637 0.017 
TR-R3-DB7 0.12031 0.02406 0.1859 0.00037 12.231 0.024 
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  Hg Tl Pb 
  mg.kg
-1
 +/- mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R3-DB8 0.09037 0.01807 0.05673 0.00011 11.861 0.024 
TR-R3-DB8 0.09081 0.01816 0.23372 0.00047 14.794 0.03 
WE-R3-DB9 0.02125 0.00425 0.00076 0.00001 2.643 0.005 
TR-R3-DB9 0.07768 0.01554 0.05086 0.0001 3.462 0.007 
WE-R3-DB10 0.15555 0.03111 0.07115 0.00014 15.245 0.03 
TR-R3-DB10 0.22896 0.04579 0.26995 0.00054 17.966 0.036 
WE-R3-DB11 0.01825 0.00365 0.01345 0.00003 5.241 0.01 
TR-R3-DB11 0.12191 0.02438 0.08573 0.00017 5.337 0.011 
WE-R3-DB12 0.1211 0.02422 0.04441 0.00009 11.897 0.024 
TR-R3-DB12 0.15306 0.03061 0.18096 0.00036 12.646 0.025 
WE-R3-DB13 0.03298 0.0066 0.0361 0.00007 10.483 0.021 
TR-R3-DB13 0.20465 0.04093 0.16412 0.00033 11.246 0.022 
WE-R4-DB1 0.00024 0.00005 0.0294 0.0001 2.967 0.006 
TR-R4-DB1 0.0185 0.0037 0.119 0.0002 4.997 0.01 
WE-R4-DB2 0.00024 0.00005 0.0276 0.0001 6.972 0.014 
TR-R4-DB2 0.03137 0.00627 0.1555 0.0003 10.755 0.022 
WE-R4-DB3 0.00024 0.00005 0.0173 0 3.806 0.008 
TR-R4-DB3 0.0097 0.00194 0.0894 0.0002 4.953 0.01 
WE-R4-DB4 0.00024 0.00005 0.024 0 3.245 0.006 
TR-R4-DB4 0.032 0.0064 0.1398 0.0003 4.862 0.01 
WE-R4-DB5 0.00024 0.00005 0.0042 0 1.326 0.003 
TR-R4-DB5 0.02217 0.00443 0.0646 0.0001 3.34 0.007 
WE-R4-DB6 0.00024 0.00005 0.0056 0 2.278 0.005 
TR-R4-DB6 0.04116 0.00823 0.0505 0.0001 2.808 0.006 
WE-R4-DB7 0.00024 0.00005 0.0437 0.0001 9.292 0.019 
TR-R4-DB7 0.08867 0.01773 0.1932 0.0004 11.08 0.022 
WE-R4-DB8 0.00024 0.00005 0.0439 0.0001 10.943 0.022 
TR-R4-DB8 0.05484 0.01097 0.2332 0.0005 14.669 0.029 
WE-R4-DB9 0.00024 0.00005 0.0008 0 2.165 0.004 
TR-R4-DB9 0.04984 0.00997 0.0411 0.0001 3.54 0.007 
WE-R4-DB10 0.06473 0.01295 0.0673 0.0001 15.367 0.031 
TR-R4-DB10 0.19255 0.03851 0.293 0.0006 19.44 0.039 
WE-R4-DB11 0.00024 0.00005 0.0219 0 6.162 0.012 
TR-R4-DB11 0.09421 0.01884 0.1595 0.0003 9.326 0.019 
WE-R4-DB12 0.00408 0.00082 0.0479 0.0001 12.077 0.024 
TR-R4-DB12 0.00408 0.00082 0.2687 0.0005 19.121 0.038 
WE-R4-DB13 0.00024 0.00005 0.0443 0.0001 11.168 0.022 
TR-R4-DB13 0.00024 0.00005 0.1828 0.0004 13.039 0.026 
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  Th U 
  mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R2-DB1 1.914 0.0038 0.8966 0.0018 
TR-R2-DB1 4.4646 0.0089 2.8232 0.0056 
WE-R2-DB2 2.4935 0.005 0.5602 0.0011 
TR-R2-DB2 5.2575 0.0105 2.1281 0.0043 
WE-R2-DB3 1.3941 0.0028 0.3806 0.0008 
TR-R2-DB3 3.9516 0.0079 1.5273 0.0031 
WE-R2-DB4 0.578 0.0012 0.3333 0.0007 
TR-R2-DB4 1.6348 0.0033 1.0243 0.002 
WE-R2-DB5 0.5554 0.0011 0.1694 0.0003 
TR-R2-DB5 3.0813 0.0062 0.7399 0.0015 
WE-R2-DB6 0.2937 0.0006 0.1049 0.0002 
TR-R2-DB6 1.3862 0.0028 0.6318 0.0013 
WE-R2-DB7 1.9518 0.0039 0.6011 0.0012 
TR-R2-DB7 5.0163 0.01 2.0661 0.0041 
WE-R2-DB8 2.2195 0.0044 0.7353 0.0015 
TR-R2-DB8 5.47 0.0109 2.556 0.0051 
WE-R2-DB9 0.3917 0.0008 0.1308 0.0003 
TR-R2-DB9 1.5424 0.0031 0.6474 0.0013 
WE-R2-DB10 2.7117 0.0054 0.9293 0.0019 
TR-R2-DB10 5.3112 0.0106 2.3715 0.0047 
WE-R2-DB11 1.4334 0.0029 0.2702 0.0005 
TR-R2-DB11 3.8378 0.0077 0.9957 0.002 
WE-R2-DB12 2.1789 0.0044 0.7023 0.0014 
TR-R2-DB12 4.0658 0.0081 1.8692 0.0037 
WE-R2-DB13 1.9215 0.0038 0.6593 0.0013 
TR-R2-DB13 4.3381 0.0087 2.0131 0.004 
WE-R3-DB1 0.324 0.0006 0.1899 0.0004 
TR-R3-DB1 2.0416 0.0041 1.3248 0.0026 
WE-R3-DB2 1.7967 0.0036 0.5351 0.0011 
TR-R3-DB2 5.3036 0.0106 2.0685 0.0041 
WE-R3-DB3 0.7812 0.0016 0.2979 0.0006 
TR-R3-DB3 6.6959 0.0134 2.1802 0.0044 
WE-R3-DB4 0.5283 0.0011 0.3889 0.0008 
TR-R3-DB4 1.6263 0.0033 1.1121 0.0022 
WE-R3-DB5 0.0756 0.0002 0.1123 0.0002 
TR-R3-DB5 1.1739 0.0023 0.4569 0.0009 
WE-R3-DB6 0.1693 0.0003 0.1319 0.0003 
TR-R3-DB6 1.1258 0.0023 0.5868 0.0012 
WE-R3-DB7 1.637 0.0033 0.5683 0.0011 
TR-R3-DB7 3.8345 0.0077 2.0393 0.0041 
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  Th U 
  mg.kg
-1
 +/- mg.kg
-1
 +/- 
WE-R3-DB8 2.1321 0.0043 0.6973 0.0014 
TR-R3-DB8 5.3206 0.0106 2.4422 0.0049 
WE-R3-DB9 0.2484 0.0005 0.1292 0.0003 
TR-R3-DB9 0.9689 0.0019 0.4632 0.0009 
WE-R3-DB10 1.8799 0.0038 0.7958 0.0016 
TR-R3-DB10 5.7644 0.0115 2.5501 0.0051 
WE-R3-DB11 0.938 0.0019 0.2346 0.0005 
TR-R3-DB11 4.7337 0.0095 0.8539 0.0017 
WE-R3-DB12 2.846 0.0057 0.665 0.0013 
TR-R3-DB12 4.1121 0.0082 1.7997 0.0036 
WE-R3-DB13 1.9251 0.0039 0.6292 0.0013 
TR-R3-DB13 4.0835 0.0082 1.8583 0.0037 
WE-R4-DB1 0.735 0.001 0.3899 0.0008 
TR-R4-DB1 3.983 0.008 1.5732 0.0031 
WE-R4-DB2 1.569 0.003 0.4427 0.0009 
TR-R4-DB2 7.262 0.015 2.2431 0.0045 
WE-R4-DB3 0.941 0.002 0.2725 0.0005 
TR-R4-DB3 2.849 0.006 1.1069 0.0022 
WE-R4-DB4 0.307 0.001 0.2215 0.0004 
TR-R4-DB4 1.477 0.003 0.9284 0.0019 
WE-R4-DB5 0.061 0 0.0781 0.0002 
TR-R4-DB5 0.928 0.002 0.4744 0.0009 
WE-R4-DB6 0.162 0 0.1301 0.0003 
TR-R4-DB6 0.767 0.002 0.4647 0.0009 
WE-R4-DB7 1.693 0.003 0.5811 0.0012 
TR-R4-DB7 5.486 0.011 2.0896 0.0042 
WE-R4-DB8 1.87 0.004 0.6022 0.0012 
TR-R4-DB8 5.257 0.011 2.4761 0.005 
WE-R4-DB9 0.117 0 0.1189 0.0002 
TR-R4-DB9 1.234 0.002 0.5332 0.0011 
WE-R4-DB10 2.234 0.004 0.8775 0.0018 
TR-R4-DB10 6.894 0.014 2.9404 0.0059 
WE-R4-DB11 0.897 0.002 0.28 0.0006 
TR-R4-DB11 7.637 0.015 1.3908 0.0028 
WE-R4-DB12 1.801 0.004 0.6195 0.0012 
TR-R4-DB12 6.714 0.013 4.0618 0.0081 
WE-R4-DB13 1.939 0.004 0.5914 0.0012 
TR-R4-DB13 4.858 0.01 2.029 0.0041 
 
 
 
